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HOW TO USE THIS BOOK 


Organic chemistry is much like bicycle riding. You cannot learn how to ride a bike by watching 
other people ride bikes. Some people might fool themselves into believing that it’s possible to 
become an expert bike rider without ever getting on a bike. But you know that to be incorrect 
(and very naive). In order to learn how to ride a bike, you must be willing to get on the bike, 
and you must be willing to fall. With time (and dedication), you can quickly train yourself to 
avoid falling, and to ride the bike with ease and confidence. The same is true of organic 
chemistry. In order to become proficient at solving problems, you must “ride the bike”. You 
must try to solve the problems yourself (without the solutions manual open in front of you). 
Once you have solved the problems, this book will allow you to check your solutions. If, 
however, you don’t attempt to solve each problem on your own, and instead, you read the 
problem statement and then immediately read the solution, you are only hurting yourself. You 
are not learning how to avoid falling. Many students make this mistake every year. They use 
the solutions manual as a crutch, and then they never really attempt to solve the problems on 
their own. It really is like believing that you can become an expert bike rider by watching 
hundreds of people riding bikes. The world doesn’t work that way! 


The textbook has thousands of problems to solve. Each of these problems should be viewed as 
an opportunity to develop your problem-solving skills. By reading a problem statement and 
then reading the solution immediately (without trying to solve the problem yourself), you are 
robbing yourself of the opportunity provided by the problem. If you repeat that poor study 
habit too many times, you will not learn how to solve problems on your own, and you will not 
get the grade that you want. 


Why do so many students adopt this bad habit (of using the solutions manual too liberally)? 
The answer is simple. Students often wait until a day or two before the exam, and then they 
spend all night cramming. Sound familiar? Unfortunately, organic chemistry is the type of 
course where cramming is insufficient, because you need time in order to ride the bike yourself. 
You need time to think about each problem until you have developed a solution on your own. 
For some problems, it might take days before you think of a solution. This process is critical for 
learning this subject. Make sure to allot time every day for studying organic chemistry, and use 
this book to check your solutions. This book has also been designed to serve as a study guide, 
as described below. 


WHAT’S IN THIS BOOK 


This book contains more than just solutions to all of the problems in the textbook. Each 
chapter of this book also contains a series of exercises that will help you review the concepts, 
skills and reactions presented in the corresponding chapter of the textbook. These exercises 
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are designed to serve as study tools that can help you identify your weak areas. Each chapter 
of this solutions manual/study guide has the following parts: 


e Review of Concepts. These exercises are designed to help you identify which concepts 
are the least familiar to you. Each section contains sentences with missing words 
(blanks). Your job is to fill in the blanks, demonstrating mastery of the concepts. To 
verify that your answers are correct, you can open your textbook to the end of the 
corresponding chapter, where you will find a section entitled Review of Concepts and 
Vocabulary. In that section, you will find each of the sentences, verbatim. 

e Review of Skills. These exercises are designed to help you identify which skills are the 
least familiar to you. Each section contains exercises in which you must demonstrate 
mastery of the skills developed in the SkillBuilders of the corresponding textbook 
chapter. To verify that your answers are correct, you can open your textbook to the end 
of the corresponding chapter, where you will find a section entitled Skil/Builder Review. 
In that section, you will find the answers to each of these exercises. 

e Review of Reactions. These exercises are designed to help you identify which reagents 
are not at your fingertips. Each section contains exercises in which you must 
demonstrate familiarity with the reactions covered in the textbook. Your job is to fill in 
the reagents necessary to achieve each reaction. To verify that your answers are 
correct, you can open your textbook to the end of the corresponding chapter, where 
you will find a section entitled Review of Reactions. In that section, you will find the 
answers to each of these exercises. 

e Common Mistakes to Avoid. This is a new feature to this edition. The most common 
student mistakes are described, so that you can avoid them when solving problems. 

e AList of Useful Reagents. This is a new feature to this edition. This list provides a 
review of the reagents that appear in each chapter, as well as a description of how each 
reagent is used. 

e Solutions. At the end of each chapter, you'll find detailed solutions to all problems in the 
textbook, including all SkillBuilders, conceptual checkpoints, additional problems, 
integrated problems, and challenge problems. 


The sections described above have been designed to serve as useful tools as you study and 
learn organic chemistry. Good luck! 


David Klein 
Senior Lecturer, Department of Chemistry 
Johns Hopkins University 
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Chapter 1 
A Review of General Chemistry: 
Electrons, Bonds and Molecular Properties 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 1. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 
Vocabulary. 


° isomers share the same molecular formula but have different connectivity of 
atoms and different physical properties. 

e Second-row elements generally obey the rule, bonding to achieve noble gas electron 
configuration. 


e A pair of unshared electrons is called a 
e A formal charge occurs when an atom does not exhibit the appropriate number of 


e Anatomic orbital is a region ets space associated with , while a 
molecular orbital is a region of space associated with ‘ 

e Methane’s tetrahedral geometry can be explained using four degenerate -hybridized 
orbitals to achieve its four single bonds. 

e Ethylene’s planar geometry can be explained using three degenerate -hybridized orbitals. 

e Acetylene’s linear geometry is achieved via -hybridized carbon atoms. 

e The geometry of small compounds can be predicted using valence shell electron pair repulsion 
(VSEPR) theory, which focuses on the number of bonds and 
exhibited by each atom. 

e The physical properties of compounds are determined by forces, the 


attractive forces between molecules. 

e London dispersion forces result from the interaction between transient 
and are stronger for larger alkanes due to their larger surface area and ability to accommodate 
more interactions. 


Review of Skills 


Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 
the end of Chapter 1. The answers appear in the section entitled SkillBuilder Review. 


SkillBuilder 1.1 Drawing Constitutional Isomers of Small Molecules 


STEP 1 DETERMINE | STEP 2 CONNECT THE ATOMS OF HIGHEST VALENCY, STEP 3 CONSIDER OTHER WAYS TO 
THE VALENCY OF AND PLACE THE MONOVALENT ATOMS AT THE PERIPHERY. CONNECT THE ATOMS. 


EACH ATOM IN C3Hg0. 


H H H 


—C— 


H H H 
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SkillBuilder 1.2 Drawing the Lewis Dot Structure of an Atom 


STEP 1- DETERMINE THE NUMBER | STEP 2- PLACE ONE ELECTRON STEP 3 - IF THE ATOM HAS MORE THAN FOUR 


OF VALENCE ELECTRONS BY ITSELF ON EACH SIDE OF VALENCE ELECTRONS, PAIR THE REMAINING 
THE ATOM ELECTRONS WITH THE ELECTRONS ALREADY DRAWN 
Nitrogen is in Group of the 
periodic table, and is expected 
to have valence electrons. 


SkillBuilder 1.3 Drawing the Lewis Structure of a Small Molecule 


STEP 1- DRAW THE LEWIS STEP 2 - FIRST CONNECT STEP 3 - CONNECT THE STEP 4 - PAIR ANY UNPAIRED 
DOT STRUCTURE OF EACH ATOMS THAT FORM HYDROGEN ATOMS ELECTRONS, SO THAT EACH 
ATOM IN CHO MORE THAN ONE BOND ATOM ACHIEVES AN OCTET 


UVVU LH 


SkillBuilder 1.4 Calculating Formal Charge 


STEP 1 - DETERMINE THE APPROPRIATE | STEP 2- DETERMINE THE NUMBER OF STEP 3 - ASSIGN A FORMAL 
NUMBER OF VALENCE ELECTRONS VALENCE ELECTRONS IN THIS CASE CHARGE TO THE NITROGEN ATOM 


: IN THIS CASE 
Nitrogen is in In this case, the 


Group ____ of the H nitrogen atom is 
| periodic table, using only __ 


ie and is expected H**Ne*H valence electrons. 
H tohave___ ° 


valence electrons. H 


SkillBuilder 1.5 Locating Partial Charges Resulting from Induction 


STEP 1 - CIRCLE THE BONDS BELOW | STEP 2 - FOR EACH POLAR COVALENT BOND, | STEP 3 - INDICATE THE LOCATION OF ALL 
THAT ARE POLAR COVALENT DRAW AN ARROW THAT SHOWS THE PARTIAL CHARGES (8+ and 8-) 
DIRECTION OF THE DIPOLE MOMENT 


STEP 1- IN THE ENERGY STEP 2 - FILL IN THE BOXES BELOW WITH THE 


DIAGRAM SHOWN HERE, — — — 27 NUMBERS THAT CORRECTLY DESCRIBE THE 
DRAW THE ELECTRON ELECTRON CONFIGURATION OF NITROGEN 
CONFIGURATION OF — 25 
NITROGEN (USING O OQ 
ARROWS TO REPRESENT 1s— 2s p 
ELECTRONS). — 15 

Nitrogen 


SkillBuilder 1.7 Identifying Hybridization States 


A CARBON ATOM WITH A CARBON ATOM WITH A CARBON ATOM WITH A 
FOUR SINGLE BONDS WILL ONE DOUBLE BOND WILL TRIPLE BOND WILL BE 
BE HYBRIDIZED BE HYBRIDIZED HYBRIDIZED 


—c— —c= 
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SkillBuilder 1.8 Predicting Geometry 


STEP 1 - DETERMINE THE STEP 2- THE STERIC NUMBER STEP 3 - IDENTIFY THE GEOMETRY IN EACH 
STERIC NUMBER OF THE DETERMINES THE ARRANGEMENT OF CASE BELOW: 

NITROGEN ATOM BELOW ELECTRON PAIRS. FILLINTHECHART =| eee 

BY ADDING BELOW: 
THE NUMBER 


tetrahedral 


I 
1 
is ! ' 
— — i I 
OF SINGLE H i H rt ef a of | arrangement of 
BONDS AND ectron Pairs i 
LONE PAIRS H I 2 = a 2 li me eas 
# of single bonds = 4 NO ONE Two 
LONE PAIRS LONE LONE 
PAIR 
# of lone pairs = () 
3 
Steric Number = Q 
2 


SkillBuilder 1.9 Identifying the Presence of Molecular Dipole Moments 


STEP 1- IDENTIFY THE GEOMETRY | STEP 2- REDRAW THE COMPOUND. STEP 3 - REDRAW THE 
OF THE OXYGEN ATOM BELOW DRAW AN ARROW FOR EACH DIPOLE COMPOUND, AND DRAW THE 
MOMENT (SHOWING ITS DIRECTION). NET DIPOLE MOMENT 


H es 
CO r 
—C C~ 

Hac- § í CH3 


SkillBuilder 1.10 Predicting Physical Properties 


H-Bonding Interactions Carbon Skeleton 
CIRCLE THE COMPOUND BELOW THAT IS CIRCLE THE COMPOUND BELOW THAT IS EXPECTED 
EXPECTED TO HAVE THE HIGHER BOILING | TO HAVE THE HIGHER BOILING POINT 

POINT 


Dipole-Dipole Interactions 


CIRCLE THE COMPOUND BELOW 
THAT IS EXPECTED TO HAVE THE 
HIGHER BOILING POINT 


ee ee E E ke: 
ee R e 
H H H H H H H H H HHH 


A Common Mistake to Avoid 


When drawing a structure, don’t forget to draw formal charges, as forgetting to do so is a common error. If 
a formal charge is present, it MUST be drawn. For example, in the following case, the nitrogen atom bears 
a positive charge, so the charge must be drawn: 


INCORRECT CORRECT 
i i 
aa H H= nS H 
H H 


As we progress though the course, we will see structures of increasing complexity. If formal charges are 
present, failure to draw them constitutes an error, and must be scrupulously avoided. If you have trouble 
drawing formal charges, go back and master that skill. You can’t go on without it. Don’t make the mistake 
of underestimating the importance of being able to draw formal charges with confidence. 
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Solutions 


1.1. 

(a) Begin by determining the valency of each atom that 
appears in the molecular formula. The carbon atoms are 
tetravalent, while the chlorine atom and hydrogen atoms 
are all monovalent. The atoms with more than one bond 
(in this case, the three carbon atoms) should be drawn in 
the center of the compound. Then, the chlorine atom can 
be placed in either of two locations: i) connected to the 
central carbon atom, or ii) connected to one of the other 
two (equivalent) carbon atoms. The hydrogen atoms are 
then placed at the periphery. 


Pe aaa 
ee? a 
H H H H H H 


(b) Begin by determining the valency of each atom that 
appears in the molecular formula. The carbon atoms are 
tetravalent, while the hydrogen atoms are all 
monovalent. The atoms with more than one bond (in this 
case, the four carbon atoms) should be drawn in the 
center of the compound. There are two different ways to 
connect four carbon atoms. They can either be arranged 
in a linear fashion or in a branched fashion: 


i 
C—C—C—C C—C—-C 
12 3 4 1 2 3 
Linear Branched 


We then place the hydrogen atoms at the periphery, 
giving the following two constitutional isomers: 


H—C—H 
ee, ct 
E Se 
H H H H H ë H H 


(c) Begin by determining the valency of each atom that 
appears in the molecular formula. The carbon atoms are 
tetravalent, while the hydrogen atoms are all 
monovalent. The atoms with more than one bond (in this 
case, the five carbon atoms) should be drawn in the 
center of the compound. So we must explore all of the 
different ways to connect five carbon atoms. First, we 
can connect all five carbon atoms in a linear fashion: 


C—C—C—C—-C 
1 23 4 8 


Alternatively, we can draw four carbon atoms in a linear 
fashion, and then draw the fifth carbon atom on a branch. 
There are many ways to draw this possibility: 


f a 
Cc—C-C-C = C-—C-—C-C = Cc 
1 2 34 4 3 2 1 - 


Finally, we can draw three carbon atoms in a linear 
fashion, and then draw the remaining two carbon atoms 


on separate branches. 
ji 
C=C= 
1 |? 
C 


Cc 
3 


Note that we cannot place the last two carbon atoms 
together as one branch, because that possibility has 
already been drawn earlier (a linear chain of four carbon 
atoms with a single branch): 


O 
W 
IIl 


In summary, there are three different ways to connect 
five carbon atoms: 


l i 
C—C—C—C-—-C C—C-—C-—C C—C-C 
1 2 3 4 5 1 2 3 4 1 ly 3 


We then place the hydrogen atoms at the periphery, 
giving the following three constitutional isomers: 


aaa 

H C—C—C—C—H 

rot to to H 

H H H H H | 

H—C—H 

| Pl a 
H—C—H H-G——C—C-H 
H H H 
| | | H | H 
oo a aS uE 
H H H H H 


(d) Begin by determining the valency of each atom that 
appears in the molecular formula. The carbon atoms are 
tetravalent, the oxygen atom is divalent, and the 
hydrogen atoms are all monovalent. Any atoms with 
more than one bond (in this case, the four carbon atoms 
and the one oxygen atom) should be drawn in the center 
of the compound, with the hydrogen atoms at the 
periphery. There are several different ways to connect 
four carbon atoms and one oxygen atom. Let’s begin 
with the four carbon atoms. There are two different 
ways to connect four carbon atoms. They can either be 
arranged in a linear fashion or in a branched fashion. 


F 
C—C—C—C C—C—-C 
1 2 3 4 1 2 3 
Linear Branched 


Next, the oxygen atom must be inserted. For each of the 
two skeletons above (linear or branched), there are 
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several different locations to insert the oxygen atom. 
The linear skeleton has four possibilities, shown here: 


and the branched skeleton has three possibilities shown 
here: 


ii i ( 
4o—-C—C c>C-C C=04C—C 
I. 2 3 1 s 3 1 2 3 
oO O 


Finally, we complete all of the structures by drawing the 
bonds to hydrogen atoms. 


H 
H H H H H(O)H H 
Hg c-c-c-c-u  H-¢-¢-¢-C-H 
TEE HHA OH 
H H H H H H H H 
H-C-{O}¢-C-C-H  H-¢—¢-L03-¢-G-H 
H HAA HH HH 
H H 
HGH H—G-H 
H | H H | H 
HLoLé—c—é-H H-¢—c—¢-H 
hoa a on 
H H 
H—G-H 
H H 
H-¢Lol-c—¢-H 
HoH H 


(e) Begin by determining the valency of each atom that 
appears in the molecular formula. The carbon atoms are 
tetravalent, while the chlorine atom and hydrogen atoms 
are all monovalent. The atoms with more than one bond 
(in this case, the three carbon atoms) should be drawn in 
the center of the compound. There is only way to 
connect three carbon atoms: 


Cc—C—C 
1 2 3 


Next, we must determine all of the different possible 
ways of connecting two chlorine atoms to the chain of 
three carbon atoms. If we place one chlorine atom at Cl, 
then the second chlorine atom can be placed at Cl, at C2 
or at C3: 


gl gl g cl gl 
Cclz-C—C—C C=C=—C C—C—-C 
1 2 3 1 2 3 1 2 3 


CHAPTER 1 5 


Furthermore, we can place both chlorine atoms at C2, 
giving a new possibility not shown above: 


gl 
C—C—C 
1 aé 

Cl 


There are no other possibilities. For example, placing 
the two chlorine atoms at C2 and C3 is equivalent to 
placing them at C1 and C2: 


gl gl g ȘI 
cC—C-C = C=0=C 
3 2 1 1 2 3 


Finally, the hydrogen atoms are placed at the periphery, 
giving the following four constitutional isomers: 


Cl Cl CI H 
H-¢-¢-¢-H  H=G-¢-C-H 
Gyn A had 
CI H Cl H Cl H 
H-¢-6—¢-H H-¢—¢—¢-H 
TE haa 


1.2. The carbon atoms are tetravalent, while the chlorine 
atoms and fluorine atoms are all monovalent. The atoms 
with more than one bond (in this case, the two carbon 
atoms) should be drawn in the center of the compound. 
The chlorine atoms and fluorine atoms are then placed at 
the periphery, as shown. There are only two possible 
constitutional isomers: one with the three chlorine atoms 
all connected to the same carbon, and one in which they 
are distributed over both carbon atoms. Any other 
representations that one may draw must be one of these 
structures drawn in a different orientation. 


cl F cl F 
Cl—C—C—F Cl—C—C—F 
Cl F F Cl 


1.3. 
(a) Carbon belongs to group 4A of the periodic table, 
and it therefore has four valence electrons. The periodic 
symbol for carbon (C) is drawn, and each valence 
electron is placed by itself (unpaired), around the C, like 
this: 

“Ce 


(b) Oxygen belongs to group 6A of the periodic table, 
and it therefore has six valence electrons. The periodic 
symbol for oxygen (O) is drawn, and each valence 
electron is placed by itself (unpaired) on a side of the O, 
until all four sides are occupied. That takes care of four 
of the six electrons, leaving just two more electrons to 
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draw. Each of the two remaining electrons is then paired 
up with an electron already drawn, like this: 


20: 

(c) Fluorine belongs to group 7A of the periodic table, 
and it therefore has seven valence electrons. The 
periodic symbol for fluorine (F) is drawn, and each 
valence electron is placed by itself (unpaired) on a side 
of the F, until all four sides are occupied. That takes care 
of four of the seven electrons, leaving three more 
electrons to draw. Each of the three remaining electrons 
is then paired up with an electron already drawn, like 
this: 


(d) Hydrogen belongs to group 1A of the periodic table, 
and it therefore has one valence electron. The periodic 
symbol for hydrogen (H) is drawn, and the one and only 
valence electron is placed on a side of the H, like this: 


He 


(e) Bromine belongs to group 7A of the periodic table, 
and it therefore has seven valence electrons. The 
periodic symbol for bromine (Br) is drawn, and each 
valence electron is placed by itself (unpaired) on a side 
of the Br, until all four sides are occupied. That takes 
care of four of the seven electrons, leaving three more 
electrons to draw. Each of the three remaining electrons 
is then paired up with an electron already drawn, like 
this: 


(f) Sulfur belongs to group 6A of the periodic table, and 
it therefore has six valence electrons. The periodic 
symbol for sulfur (S) is drawn, and each valence electron 
is placed by itself (unpaired) on a side of the S, until all 
four sides are occupied. That takes care of four of the 
six electrons, leaving just two more electrons to draw. 
Each of the two remaining electrons is then paired up 
with an electron already drawn, like this: 


n 


(g) Chlorine belongs to group 7A of the periodic table, 
and it therefore has seven valence electrons. The 
periodic symbol for chlorine (Cl) is drawn, and each 
valence electron is placed by itself (unpaired) on a side 
of the Cl, until all four sides are occupied. That takes 
care of four of the seven electrons, leaving three more 
electrons to draw. Each of the three remaining electrons 
is then paired up with an electron already drawn, like 
this: 


=Cl- 


(h) Iodine belongs to group 7A of the periodic table, and 
it therefore has seven valence electrons. The periodic 
symbol for iodine (I) is drawn, and each valence electron 
is placed by itself (unpaired) on a side of the I, until all 
four sides are occupied. That takes care of four of the 
seven electrons, leaving three more electrons to draw. 
Each of the three remaining electrons is then paired up 
with an electron already drawn, like this: 


1.4. Both nitrogen and phosphorus belong to group 5A 
of the periodic table, and therefore, each of these atoms 
has five valence electrons. In order to achieve an octet, 
we expect each of these elements to form three bonds. 


1.5. Aluminum is directly beneath boron on the periodic 
table (group 3A), and each of these elements has three 
valence electrons. Therefore, we expect the bonding 
properties to be similar. 


1.6. The Lewis dot structure for a carbon atom is shown 
in the solution to Problem 1.3a. That drawing must be 
modified by removing one electron, resulting in a formal 
positive charge, as shown below. This resembles boron 
because it exhibits three valence electrons. 


Ce 


1.7. 
(a) Lithium is in Group 1A of the periodic table, and 
therefore, it has just one valence electron. 


Lis 


(b) If an electron is removed from a lithium atom, the 
resulting cation has zero valence electrons. 


Li® 


1.8. 

(a) Each carbon atom has four valence electrons, and 
each hydrogen atom has one valence electron. Only the 
carbon atoms can form more than one bond, so we begin 
by connecting the carbon atoms to each other. Then, we 
connect all of the hydrogen atoms, as shown. 


H:C:C:H 
H H 


(b) Each carbon atom has four valence electrons, and 
each hydrogen atom has one valence electron. Only the 
carbon atoms can form more than one bond, so we begin 
by connecting the carbon atoms to each other. Then, we 
connect all of the hydrogen atoms, and the unpaired 
electrons are shared to give a double bond. In this way, 
each of the carbon atoms achieves an octet. 


H:C::C:H 
H H 
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(c) Each carbon atom has four valence electrons, and 
each hydrogen atom has one valence electron. Only the 
carbon atoms can form more than one bond, so we begin 
by connecting the carbon atoms to each other. Then, we 
connect all of the hydrogen atoms, and the unpaired 
electrons are shared to give a triple bond. In this way, 
each of the carbon atoms achieves an octet. 


H:C:::C:H 


(d) Each carbon atom has four valence electrons, and 
each hydrogen atom has one valence electron. Only the 
carbon atoms can form more than one bond, so we begin 
by connecting the carbon atoms to each other. Then, we 
connect all of the hydrogen atoms, as shown. 


(e) Each carbon atom has four valence electrons, and 
each hydrogen atom has one valence electron. Only the 
carbon atoms can form more than one bond, so we begin 
by connecting the carbon atoms to each other. Then, we 
connect all of the hydrogen atoms, and the unpaired 
electrons are shared to give a double bond. In this way, 
each of the carbon atoms achieves an octet. 


OE 


H:G:G::C:H 
H H 


= 


(f) The carbon atom has four valence electrons, the 
oxygen atom has six valence electrons, and each 
hydrogen atom has one valence electron. Only the 
carbon atom and the oxygen atom can form more than 
one bond, so we begin by connecting them to each other. 
Then, we connect all of the hydrogen atoms, as shown. 


H:C:0:H 
H 


1.9. Boron has three valence electrons, each of which is 
shared with a hydrogen atom, shown below. The central 
boron atom lacks an octet of electrons, and it is therefore 
very unstable and reactive. 


= 
T0O:L 


1.10. Each of the carbon atoms has four valence 
electrons; the nitrogen atom has five valence electrons; 
and each of the hydrogen atoms has one valence 
electron. We begin by connecting the atoms that have 
more than one bond (in this case, the three carbon atoms 
and the nitrogen atom). There are four different ways 
that these four atoms can be connected to each other, 
shown here. 
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y 
N-C—C—C c—C-—C 
1 2 3 1 2 3 
CN} C—C C—=N-C 
1 2 3 1 | 3 

Cc 

2 


For each of these possible arrangements, we connect the 
hydrogen atoms, giving the following four constitutional 
isomers. 


HHHH qlee y 
N:C:C:C:H H:C :C :C:iH 
HHHH H H H 
H:C:N:C:C:H H:C :N:C:H 
HHHH H H:c:H H 
H 


In each of these four structures, the nitrogen atom has 
one lone pair. 


1.11. 

(a) The carbon atom has four valence electrons, the 
nitrogen atom has five valence electrons and the 
hydrogen atom has one valence electron. Only the 
carbon atom and the nitrogen atom can form more than 
one bond, so we begin by connecting them to each other. 
Then, we connect the hydrogen atom to the carbon, as 
shown. The unpaired electrons are shared to give a triple 
bond. In this way, both the carbon atom and the nitrogen 
atom achieve an octet. 


HECRING 


(b) Each carbon atom has four valence electrons, and 
each hydrogen atom has one valence electron. Only the 
carbon atoms can form more than one bond, so we begin 
by connecting the carbon atoms to each other. Then, we 
connect all of the hydrogen atoms as indicated in the 
given condensed formula (CH:CHCHCH2), and the 
unpaired electrons are shared to give two double bonds 
on the outermost carbons. In this way, each of the carbon 
atoms achieves an octet. 


COT 
O:T 
Ox 

I:O:I 


1.12. 

(a) Aluminum is in group 3A of the periodic table, and 
it should therefore have three valence electrons. In this 
case, the aluminum atom exhibits four valence electrons 
(one for each bond). With one extra electron, this 
aluminum atom will bear a negative charge. 
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H—AI-H 


(b) Oxygen is in group 6A of the periodic table, and it 
should therefore have six valence electrons. In this case, 
the oxygen atom exhibits only five valence electrons 
(one for each bond, and two for the lone pair). This 
oxygen atom is missing an electron, and it therefore 
bears a positive charge. 


(c) Nitrogen is in group 5A of the periodic table, and it 
should therefore have five valence electrons. In this 
case, the nitrogen atom exhibits six valence electrons 
(one for each bond and two for each lone pair). With 
one extra electron, this nitrogen atom will bear a 
negative charge. 


H H 

1 Oo | 
H—C—-N-G-H 

H H 


(d) Oxygen is in group 6A of the periodic table, and it 
should therefore have six valence electrons. In this case, 
the oxygen atom exhibits only five valence electrons 
(one for each bond, and two for the lone pair). This 
oxygen atom is missing an electron, and it therefore 
bears a positive charge. 


(e) Carbon is in group 4A of the periodic table, and it 
should therefore have four valence electrons. In this 
case, the carbon atom exhibits five valence electrons 
(one for each bond and two for the lone pair). With one 
extra electron, this carbon atom will bear a negative 
charge. 

9 

H—C—H 

H 
(f) Carbon is in group 4A of the periodic table, and it 
should therefore have four valence electrons. In this 
case, the carbon atom exhibits only three valence 
electrons (one for each bond). This carbon atom is 
missing an electron, and it therefore bears a positive 
charge. 


(g) Oxygen is in group 6A of the periodic table, and it 
should therefore have six valence electrons. In this case, 


the oxygen atom exhibits only five valence electrons 
(one for each bond, and two for the lone pair). This 
oxygen atom is missing an electron, and it therefore 
bears a positive charge. 


H 

| ® 
ie aia 

H 


(h) Two of the atoms in this structure exhibit a formal 
charge because each of these atoms does not exhibit the 
appropriate number of valence electrons. The aluminum 
atom (group 3A) should have three valence electrons, but 
it exhibits four (one for each bond). With one extra 
electron, this aluminum atom will bear a negative charge. 
The neighboring chlorine atom (to the right) should have 
seven valence electrons, but it exhibits only six (one for 
each bond and two for each lone pair). It is missing one 
electron, so this chlorine atom will bear a positive 
charge. 

a. 

:CI: 


(i) Two of the atoms in this structure exhibit a formal 
charge because each of these atoms does not exhibit the 
appropriate number of valence electrons. The nitrogen 
atom (group 5A) should have five valence electrons, but 
it exhibits four (one for each bond). It is missing one 
electron, so this nitrogen atom will bear a positive 
charge. One of the two oxygen atoms (the one on the 
right) exhibits seven valence electrons (one for the bond, 
and two for each lone pair), although it should have only 
six. With one extra electron, this oxygen atom will bear 
a negative charge. 


H H ‘O° 

1 | U .o 
a ae 

H H 


1.13. 
(a) The boron atom in this case exhibits four valence 
electrons (one for each bond), although boron (group 
3A) should only have three valence electrons. With one 
extra electron, this boron atom bears a negative charge. 
i 
H-B= 
H 


H 


(b) Nitrogen is in group 5A of the periodic table, so a 
nitrogen atom should have five valence electrons. A 
negative charge indicates one extra electron, so this 
nitrogen atom must exhibit six valence electrons (one for 
each bond and two for each lone pair). 


S 
H—N—H 
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(c) One of the carbon atoms (below right) exhibits three 
valence electrons (one for each bond), but carbon (group 
4A) is supposed to have four valence electrons. It is 
missing one electron, so this carbon atom therefore bears 
a positive charge. 


ih 
H—-C—Ce@ 
H H 


1.14. Carbon is in group 4A of the periodic table, and it 
should therefore have four valence electrons. Every 
carbon atom in acetylcholine has four bonds, thus 
exhibiting the correct number of valence electrons (four) 
and having no formal charge. 


Pp <H 
Oo Oe H 
kä 7 
H—C+C+O—C+C—N—C+H 
oe I | x 
H H H 
ETN, 


Hy 


H 


Oxygen is in group 6A of the periodic table, and it 
should therefore have six valence electrons. Each oxygen 
atom in acetylcholine has two bonds and two lone pairs 
of electrons, so each oxygen atom exhibits six valence 
electrons (one for each bond, and two for each lone pair). 
With the correct number of valence electrons, each 
oxygen atom will lack a formal charge. 


The nitrogen atom (group 5A) should have five valence 
electrons, but it exhibits four (one for each bond). It is 
missing one electron, so this nitrogen atom will bear a 
positive charge. 


HH 
nts he 
H'O H H C 
rio. | L ley 
H—C—C—O-C N—C—H 
| se A 8 
H H H C H 
HÎI`H 
H 


1.15. 

(a) Oxygen is more electronegative than carbon, and a 
C-O bond is polar covalent. For each C—O bond, the O 
will be electron rich (6—), and the C will be electron-poor 
(5+), as shown below. 


H . H H . H 
stl = lẹ ls © ls 
oe a 
H H H H 


CHAPTER 1 9 


(b) Fluorine is more electronegative than carbon, and a 
C-F bond is polar covalent. For a C-F bond, the F will 
be electron-rich (ô-), and the C will be electron-poor 
(6+). Chlorine is also more electronegative than carbon, 
so a C-Cl bond is also polar covalent. For a C—Cl bond, 
the Cl will be electron-rich (6-), and the C will be 
electron-poor (6+), as shown below. 


oreo 
°F: 
ae 


| 
H 


(c) Carbon is more electronegative than magnesium, so 
the C will be electron-rich (6—) in a C-Mg bond, and the 
Mg will be electron-poor (6+). Also, bromine is more 
electronegative than magnesium. So in a Mg—Br bond, 
the Br will be electron-rich (6—), and the Mg will be 
electron-poor (6+), as shown below. 


H 

l5- ôt & 
oe ee 

H 


(d) Oxygen is more electronegative than carbon or 
hydrogen, so all C—O bonds and all O-H bond are polar 
covalent. For each C—O bond and each O-H bond, the O 
will be electron-rich (ô-), and the C or H will be 
electron-poor (+), as shown below. 


He 
lš- 
— H:O: H 
st 8 st let Ise gt 
enn a, 
H H H 


(e) Oxygen is more electronegative than carbon. As 
such, the O will be electron-rich (6—) and the C will be 
electron-poor (5+) in a C=O bond, as shown below. 


1 it 
H—C—C—C-H 
| + | 


H H 


(f) Chlorine is more electronegative than carbon. As 
such, for each C—Cl bond, the Cl will be electron-rich 
(6-) and the C will be electron-poor (6+), as shown 
below. 


1.16. Oxygen is more electronegative than carbon. As 
such, the O will be electron-rich (6—) and the C will be 
electron-poor (+) in a C=O bond. In addition, chlorine 
is more electronegative than carbon. So for a C-Cl 
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bond, the Cl will be electron-rich (5—) and the C will be 
electron-poor (+), as shown below. 


H ‘O° H H H 

LO uo I ob l nS 
H—C—C—C—C—C—CI: 

Lo a ooo e 

H H H H 


Notice that two carbon atoms are electron-poor (6+). 
These are the positions that are most likely to be attacked 
by an anion, such as hydroxide. 


1.17. Oxygen is more electronegative than carbon. As 
such, the O will be electron-rich (6—) and the C will be 
electron-poor (5+) in a C—O bond. In addition, chlorine 
is more electronegative than carbon. So for a C—Cl 
bond, the Cl will be electron-rich (6—) and the C will be 
electron-poor (6+), as shown below. As you might 
imagine, epichlorohydrin is a very reactive molecule! 


& H H 


H (@) Sos 
Nel ro he 
Hlö ot NY 


1.18. 

(a) As indicated in Figure 1.10, carbon has two /s 
electrons, two 2s electrons, and two 2p electrons. This 
information is represented by the following electron 
configuration: 1s?2s?2p? 

(b) As indicated in Figure 1.10, oxygen has two Zs 
electrons, two 2s electrons, and four 2p electrons. This 
information is represented by the following electron 
configuration: 1s72s?2p* 

(c) As indicated in Figure 1.10, boron has two Zs 
electrons, two 2s electrons, and one 2p electron. This 
information is represented by the following electron 
configuration: 1s?2s?2p! 

(d) As indicated in Figure 1.10, fluorine has two /s 
electrons, two 2s electrons, and five 2p electrons. This 
information is represented by the following electron 
configuration: 1s?2s?2p° 

(e) Sodium has two Zs electrons, two 2s electrons, six 2p 
electrons, and one 3s electron. This information is 
represented by the following electron configuration: 
1s22s?2p%3s! 

(f) Aluminum has two Zs electrons, two 2s electrons, six 
2p electrons, two 3s electrons, and one 3p electron. This 
information is represented by the following electron 
configuration: 1s?2s?2p%3s73p! 


1.19. 

(a) The electron configuration of a carbon atom is 
1s22s?2p (see the solution to Problem 1.18a). However, 
if a carbon atom bears a negative charge, then it must 
have one extra electron, so the electron configuration 
should be as follows: 1s?2s?2p3 

(b) The electron configuration of a carbon atom is 
1s22s?2p (see the solution to Problem 1.18a). However, 
if a carbon atom bears a positive charge, then it must be 


missing an electron, so the electron configuration should 
be as follows: 1s?2s?2p! 

(c) As seen in Skillbuilder 1.6, the electron configuration 
of a nitrogen atom is 1s?2s?2p. However, if a nitrogen 
atom bears a positive charge, then it must be missing an 
electron, so the electron configuration should be as 
follows: 15?2s?2p? 

(d) The electron configuration of an oxygen atom is 
1s?2s?2p* (see the solution to Problem 1.18b). However, 
if an oxygen atom bears a negative charge, then it must 
have one extra electron, so the electron configuration 
should be as follows: 1s?2s?2p5 


1.20. Silicon is in the third row, or period, of the periodic 
table. Therefore, it has a filled second shell, like neon, 
and then the additional electrons are added to the third 
shell. As indicated in Figure 1.10, neon has two ls 
electrons, two 2s electrons, and six 2p electrons. Silicon 
has an additional two 3s electrons and two 3p electrons 
to give a total of 14 electrons and an electron 
configuration of 1522s?2p°3s73p?. 


1.21. The bond angles of an equilateral triangle are 60°, 
but each bond angle of cyclopropane is supposed to be 
109.5°. Therefore, each bond angle is severely strained, 
causing an increase in energy. This form of strain, called 
ring strain, will be discussed in Chapter 4. The ring 
strain associated with a three-membered ring is greater 
than the ring strain of larger rings, because larger rings 
do not require bond angles of 60°. 


1.22. 

(a) The C=O bond of formaldehyde is comprised of one 
o bond and one x bond. 

(b) Each C-H bond is formed from the interaction 
between an sp? hybridized orbital from carbon and an s 
orbital from hydrogen. 

(c) The oxygen atom is sp’ hybridized, so the lone pairs 
occupy sp’ hybridized orbitals. 


1.23. Rotation of a single bond does not cause a 
reduction in the extent of orbital overlap, because the 
orbital overlap occurs on the bond axis. In contrast, 
rotation of a n bond results in a reduction in the extent of 
orbital overlap, because the orbital overlap is NOT on 
the bond axis. 


1.24. 

(a) The highlighted carbon atom (below) has four 
o bonds, and is therefore sp? hybridized. The other 
carbon atoms in this structure are all sp? hybridized, 
because each of them has three o bonds and one z bond. 


H O H 
I Ilo 
H-(ca-c—c 
l i H 
Hi / 
sp? H 


(b) Each of the highlighted carbon atoms has four 
o bonds, and is therefore sp? hybridized. Each of the 
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other two carbon atoms in this structure is sp hybridized, 
because each has two o bonds and two r bonds. 


i ie 
H—C—C=C—C—C—H 


Pu PaaS, 
sp? sp? sp 


(b) Each of the highlighted carbon atoms (below) has 
four o bonds, and is therefore sp? hybridized. Each of 
the other two carbon atoms in this structure is sp* 


hybridized, because each has three o bonds and one n 
bond. 


3 
s 
PA H 
H 
W z 
ai 
H+c+-c. 
| H 
H 
sp? 


(d) Each of the two central carbon atoms has two 
o bonds and two m bonds, and as such, each of these 
carbon atoms is sp hybridized. The other two carbon 
atoms (the outer ones) are sp? hybridized because each 
has three o bonds and one z bond. 


sp? 

H H 
\ / 
C=C=C=C 
/ \ 

H i i H 

sp 


(e) One of the carbon atoms (the one connected to 
oxygen) has two o bonds and two m bonds, and as such, 
it is sp hybridized. The other carbon atom is sp* 
hybridized because it has three o bonds and one x bond. 


. o` 
f sp 
C 
he 
H~ `H 


1.25. Each of the following three highlighted three 


carbon atoms has four o bonds, and is therefore sp? 
hybridized: 
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And each of the following three highlighted carbon 
atoms has three o bonds and one zx bond, and is therefore 
sp’ hybridized: 


Finally, each of the following five highlighted carbon 
atoms has two o bonds and two x bonds, and is therefore 
sp hybridized. 


1.26. Carbon-carbon triple bonds generally have a 
shorter bond length than carbon-carbon double bonds, 
which are generally shorter than carbon-carbon single 
bonds (see Table 1.2). 


fi 
H 
H  ~C—C=C—H 
\ / 
H C=C 
\ / \ 
ee H c c<b<a 
H H a is the longest bond 
and c is the shortest bond 
b 


1.27 

(a) In this structure, the boron atom has four o bonds 
and no lone pairs, giving a total of four electron pairs 
(steric number = 4). VSEPR theory therefore predicts a 
tetrahedral arrangement of electron pairs. Since all of 
the electron pairs are bonds, the structure is expected to 
have tetrahedral geometry. 

(b) In this structure, the boron atom has three o bonds 
and no lone pairs, giving a total of three electron pairs 
(steric number = 3). VSEPR theory therefore predicts a 
trigonal planar geometry. 

(c) In this structure, the nitrogen atom has four o sigma 
bonds and no lone pairs, giving a total of four electron 
pairs (steric number = 4). VSEPR theory therefore 
predicts a tetrahedral arrangement of electron pairs. 
Since all of the electron pairs are bonds, the structure is 
expected to have tetrahedral geometry. 

(d) The carbon atom has four o bonds and no lone pairs, 
giving a total of four electron pairs (steric number = 4). 
VSEPR theory therefore predicts a tetrahedral 
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arrangement of electron pairs. Since all of the electron 
pairs are bonds, the structure is expected to have 
tetrahedral geometry. 


1.28. In the carbocation, the carbon atom has three 
bonds and no lone pairs. Since there are a total of three 
electron pairs (steric number = 3), VSEPR theory 
predicts trigonal planar geometry, with bond angles of 
120°. In contrast, the carbon atom of the carbanion has 
three bonds and one lone pair, giving a total of four 
electron pairs (steric number = 4). For this ion, VSEPR 
theory predicts a tetrahedral arrangement of electron 
pairs, with a lone pair positioned at one corner of the 
tetrahedron, giving rise to trigonal pyramidal geometry. 


1.29. In ammonia, the nitrogen atom has three bonds 
and one lone pair. Therefore, VSEPR theory predicts 
trigonal pyramidal geometry, with bond angles of 
approximately 107°. In the ammonium ion, the nitrogen 
atom has four bonds and no lone pairs, so VSEPR theory 
predicts tetrahedral geometry, with bond angles of 
109.5°. Therefore, we predict that the bond angles will 
increase (by approximately 2.5°) as a result of the 
reaction. 


1.30. The silicon atom has four o bonds and no lone 
pairs, so the steric number is 4 (sp? hybridization), which 
means that the arrangement of electron pairs will be 
tetrahedral. With no lone pairs, the arrangement of the 
atoms (geometry) is the same as the electronic 
arrangement. It is tetrahedral. 


1” 
HsC—Si-OH 
CH3 


1.31. 

(a) This compound has three C-C1 bonds, each of which 
exhibits a dipole moment. To determine if these dipole 
moments cancel each other, we must identify the 
molecular geometry. The central carbon atom has four 
o bonds so we expect tetrahedral geometry. As such, the 
three C—Cl bonds do not lie in the same plane, and they 
do not completely cancel each other out. There is a net 
molecular dipole moment, as shown: 


H 


me) 
CI aN 
CI 
a 


(b) The oxygen atom has two o bonds and two lone pairs 
(steric number = 4), and VSEPR theory predicts bent 
geometry. As such, the dipole moments associated with 
the C—O bonds do not fully cancel each other. There is a 
net molecular dipole moment, as shown: 


KON 
HyC~ ~CH3 


(c) The nitrogen atom has three o bonds and one lone 
pair (steric number = 4), and VSEPR theory predicts 
trigonal pyramidal geometry (because one corner of the 
tetrahedron is occupied by a lone pair). As such, the 
dipole moments associated with the N—H bonds do not 
fully cancel each other. There is a net molecular dipole 
moment, as shown: 


He 
ft H 


(d) The central carbon atom has four o bonds (steric 
number = 4), and VSEPR theory predicts tetrahedral 
geometry. There are individual dipole moments 
associated with each of the C—Cl bonds and each of the 
C-Br bonds. If all four dipole moments had the same 
magnitude, then we would expect them to completely 
cancel each other to give no molecular dipole moment 
(as in the case of CCl4). However, the dipole moments 
for the C—Cl bonds are larger than the dipole moments of 
the C-Br bonds, and as such, there is a net molecular 
dipole moment, shown here: 


Cl 
| 7 


wc 
Tat Ney 
r 


(e) The oxygen atom has two o bonds and two lone 
pairs (steric number = 4), and VSEPR theory predicts 
bent geometry. As such, the dipole moments associated 
with the C—O bonds do not fully cancel each other. 
There is a net molecular dipole moment, as shown: 


H H 
O 
\ / 
H-6 C-H 
H—C—C—H 
I \ 
H H 


(£) There are individual dipole moments associated with 
each C-O bond (just as we saw in the solution to 1.31e), 
but in this case, they fully cancel each other to give no 
net molecular dipole moment. 


(g) Each C=O bond has a strong dipole moment, and 
they do not fully cancel each other because they are not 
pointing in opposite directions. As such, there will be a 
net molecular dipole moment, as shown here: 


(h) Each C=O bond has a strong dipole moment, and in 
this case, they are pointing in opposite directions. As 
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such, they fully cancel each other, giving no net 
molecular dipole moment. 


(i) Each C-Cl bond has a dipole moment, and they do 
not fully cancel each other because they are not pointing 
in opposite directions. As such, there will be a net 
molecular dipole moment, as shown here: 


:Cl: i :Cl: 
V+ 7 
C=C 
/ \ 


(j) Each C-Cl bond has a dipole moment, and in this 
case, they are pointing in opposite directions. As such, 
they fully cancel each other, giving no net molecular 
dipole moment. 


(k) Each C-Cl bond has a dipole moment, and they do 
not fully cancel each other because they are not pointing 
in opposite directions. As such, there will be a net 
molecular dipole moment, as shown here: 


Cl: H 
\ / 
e+ C=C 
VE \ 

Cl: H 


(I) Each C-Cl bond has a dipole moment, but in this 
case, they fully cancel each other to give no net 
molecular dipole moment. 


1.32. Each of the C—O bonds has an individual dipole 
moment, shown here. 


H H H H 
‘c= ‘c= 
S eH" 
H—C C—O—C C—H 
\ A \ A 
—C = 
/ \ / Ñ 
H H H H 


To determine if these individual dipole moments fully 
cancel each other, we must determine the geometry 
around the oxygen atom. The oxygen atom has two o 
bonds and two lone pairs, giving rise to a bent geometry. 
As such, the dipole moments associated with the C—O 
bonds do NOT fully cancel each other. 
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Therefore, there is a net molecular dipole moment, as 
shown: 


1.33. 

(a) The latter compound is expected to have a higher 
boiling point, because it is less branched. 

(b) The latter compound is expected to have a higher 
boiling point, because it has more carbon atoms. 

(c) The latter compound is expected to have a higher 
boiling point, because it has an OH bond, which will lead 
to hydrogen bonding interactions. 

(d) The first compound is expected to have a higher 
boiling point, because it is less branched. 


1.34. Compound 3 is expected to have a higher boiling 
point than compound 4, because the former has an O-H 
group and the latter does not. Compound 4 does not 
have the ability to form hydrogen-bonding interactions 
with itself, so it will have a lower boiling point. When 
this mixture is heated, the compound that boils first (4) 
can be collected, leaving behind compound 3. 


ad eee 
| | EX EN 

H HH H 

H 


1.35. 

(a) The carbon atoms are tetravalent, and the hydrogen 
atoms are all monovalent. Any atoms with more than 
one bond (in this case, the six carbon atoms) should be 
drawn in the center of the compound, with the hydrogen 
atoms at the periphery. There are five different ways to 
connect six carbon atoms, which we will organize based 
on the length of the longest chain. 


In a 6-carbon chain: 


C—C—C—C—C—-C 
1 2 3 4 5 6 


In a 5-carbon chain: 


ii i 
C—C—C—C—C C—C—C—C—C 
1 2 3 4 5 1 2 3 4 5 
In a 4-carbon chain: 
i ge 
C—C—C—-C C—C—-C—-C 
1 2 3 4 1 2 3 4 
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Finally, we complete all of the structures by drawing the 
bonds to hydrogen atoms. 


aoe 
H—C—C—C—C—-C H 
be we eI H 
H H H H H H | 
H—C—H 
H H H H 
H | I | 
Tr a 
a H H H HH 
ee 
H—C—C—C—-C—C—H 
| | H 
H H HHH | 
H—C—H 
H ed 
oe nn on ona 
H H H H H | H 
| a | H—C—H 
H—C C C—C—H | 
| bl H 
H H H 
H—C—H 
H 
(b) The carbon atoms are tetravalent, while the 


chlorine atom and hydrogen atoms are all monovalent. 
The atoms with more than one bond (in this case, the two 
carbon atoms) should be drawn in the center of the 
compound. The chlorine atom and hydrogen atoms are 
then placed at the periphery, as shown. 


o 
a 
H H 


The chlorine atom can be placed in any one of the six 
available positions. The following six drawings all 
represent the same compound, in which the two carbon 
atoms are connected to each other, and the chlorine atom 
is connected to one of the carbon atoms. 


H H H CI CI H 
H—¢—¢-—cI H=t=0=A H—-¢—C-—H 
h HoH HoH 
H H H H H H 
cl—¢—¢-H TEE E H—¢—C-—H 
h cH Hc 


(c) The carbon atoms are tetravalent, while the chlorine 
atoms and hydrogen atoms are all monovalent. The 
atoms with more than one bond (in this case, the two 
carbon atoms) should be drawn in the center of the 
compound. The chlorine atoms and hydrogen atoms are 
then placed at the periphery, and there are two different 
ways to do this. The two chlorine atoms can either be 


connected to the same carbon atom or to different carbon 
atoms, as shown. 


Hee 
emy gsl a 
H H H H 


(d) The carbon atoms are tetravalent, while the chlorine 
atoms and hydrogen atoms are all monovalent. The 
atoms with more than one bond (in this case, the two 
carbon atoms) should be drawn in the center of the 
compound. The chlorine atoms and hydrogen atoms are 
then placed at the periphery, and there are two different 
ways to do this. One way is to connect all three chlorine 
atoms to the same carbon atom. Alternatively, we can 
connect two chlorine atoms to one carbon atom, and then 
connect the third chlorine atom to the other carbon atom, 
as shown here: 


H i H Cl 
| l 

cae ae es 7 
H Cl H H 


1.36. 

(a) The molecular formula (C4Hs) indicates that we must 
draw structures with four carbon atoms and eight 
hydrogen atoms. The carbon atoms are tetravalent, while 
the hydrogen atoms are all monovalent. The atoms with 
more than one bond (in this case, the four carbon atoms) 
should be drawn in the center of the compound, with the 
hydrogen atoms at the periphery. When we connect four 
carbon atoms, either in a linear fashion or in a branched 
fashion (see solution to 1.1b), we find that ten hydrogen 
atoms are required in order for all four carbons atom to 
achieve an octet (to have four bonds). 


Branched 
Linear m 
Aaa n| H 
a g= 
H H HH Woo 
C4H10 Cis 


But the molecular formula (C4Hs) indicates only eight 
hydrogen atoms, so we must remove two hydrogen 
atoms. This gives two carbon atoms that lack an octet, 
because each of them has an unpaired electron. 


unpaired 
electrons 
1100 -@ yy ll 
ee 
H H H H H H H H 
C4H10 C4Hg 
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These electrons can be paired as a double bond: 


H 
H H H H \ 
LOAA L 1 40H 
Er a 
H H H H H H H 
C4Hg 


but the problem statement directs us to draw only those 
constitutional isomers in which all of the bonds are 
single bonds. So we must think of another way to pair 
up the unpaired electrons. It is difficult to see how this 
can be accomplished if the unpaired electrons are on 
adjacent carbon atoms. But suppose the unpaired 
electrons are on distant carbon atoms: 


unpaired unpaired 
electron electron 
D170 20 lyol 
a 
H H H H H H H H 
C4H10 C4Hg 


When drawn like this, it becomes apparent that we can 
pair the unpaired electrons by forming a C-C bond, 
giving a ring: 


H H H 

Age || 
H—C C—H H—C—C—H 

| | — | | 
a a DE 

H H H H 

C4Hg 


When the structure contains a ring, then eight hydrogen 
atoms are sufficient to provide all four carbon atoms 
with an octet of electrons. The ring can either be a 3- 
membered ring or a 4-membered ring, giving the 
following two constitutional isomers: 


Three-membered ring Four-membered ring 


A fg an 
C il H—C—C—H 

H `n e-h I il 
ae a H—C—C—H 

H H E 

C4Hg CyHg 


(b) See the solution to part (a) as an introduction to the 
following solution. 

Since the unpaired electrons were paired as a double 
bond (rather than as a ring), we are looking for 
compounds that contain one double bond and do NOT 
have a ring. Since the structure does not contain a ring, 
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we can imagine arranging the carbon atoms either in a 
linear fashion or in a branched fashion: 


F 
C—C—C—-C c—C—C 
1 2 3 4 1 2 3 
Linear Branched 


In the linear skeleton, there are two locations where we 
can place the double bond: 


ii l i 

C=C=C=H H—C—C=C—C-H 

a A rotod | 
H-G HH H H H 

H 


Notice that the double bond can be placed at C1-C2 or at 
C2-C3 (placing the double bond at C3-C4 is the same as 
placing it at C1-C2, because we can just assign numbers 
in the opposite direction). 

Now let’s explore the branched skeleton. There is only 
one location to place the double bond in a branched 
skeleton, because the following three drawings represent 
the same compound: 


H H 
H-—H r qe ? H-C—H 
H H 
HA ya ed \ SO» H 

(0 Jo H~ \ / `H -Q 
i H H H H H | 


In summary, there are three constitutional isomers of 
CaHs that contain a double bond: 


ai j i 
C—C—C—-H H—C—C=C—C—H 
Y | | oe ene 
H-G HH H H H H 
H 
ji 
H-G—H 
H 
HL ZC. 
g~ 
L g H 


1.37. 

(a) According to Table 1.1, the difference in 
electronegativity between Br and H is 2.8 — 2.1 = 0.7, so 
an H-Br bond is expected to be polar covalent. Since 
bromine is more electronegative than hydrogen, the Br 
will be electron rich (6—), and the H will be electron-poor 
(+), as shown below: 


ô+ ô- 
H—Br 
(b) According to Table 1.1, the difference in 


electronegativity between Cl and H is 3.0 — 2.1 = 0.9, so 
an H-Cl bond is expected to be polar covalent. Since 
chlorine is more electronegative than hydrogen, the Cl 
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will be electron rich (6—), and the H will be electron-poor 
(6+), as shown below: 


ô+ ô- 
H— CI 


(c) According to Table 1.1, the difference in 
electronegativity between O and H is 3.5 — 2.1 = 1.4, so 
an O-H bond is expected to be polar covalent. Oxygen 
is more electronegative than hydrogen, so for each O-H 
bond, the O will be electron rich (ô-) and the H will be 
electron-poor (65+), as shown below: 


5 


8- 

H H 

(d) Oxygen (3.5) is more electronegative than carbon 
(2.5) or hydrogen (2.1), and a C—O or H-O bond is polar 
covalent. For each C—O or H-O bond, the O will be 
electron rich (6—), and the C or H will be electron-poor 
(5+), as shown below: 


ô- 


+l OF Ot 
H=Ç-Ö-—H 
H 


1.38. 

(a) The difference in electronegativity between Na (0.9) 
and Br (2.8) is greater than the difference in 
electronegativity between H (2.1) and Br (2.8). 
Therefore, NaBr is expected to have more ionic character 
than HBr. 

(b) The difference in electronegativity between F (4.0) 
and Cl (3.0) is greater than the difference in 
electronegativity between Br (2.8) and Cl (3.0). 
Therefore, FCI is expected to have more ionic character 
than BrCl. 


1.39. 

(a) Each carbon atom has four valence electrons, the 
oxygen atom has six valence electrons, and each 
hydrogen atom has one valence electron. In this case, 
the information provided in the problem statement 
(CH3CH20H) indicates how the atoms are connected to 
each other: 


(b) Each carbon atom has four valence electrons, the 
nitrogen atom has five valence electrons, and each 
hydrogen atom has one valence electron. In this case, 
the information provided in the problem statement 
(CH3CN) indicates how the atoms are connected to each 
other: 


H 
i H 

H C: -C N: ——> H:C:C:N 
` H 


The unpaired electrons are then paired up to give a triple 
bond. In this way, each of the atoms achieves an octet. 


Ob 


f^ 
H:C:C:N: —> H: 
Lvs 


TOE 
E 


EOT 
O 
Z 


1.40. Each of the carbon atoms has four valence 
electrons; the nitrogen atom has five valence electrons; 
and each of the hydrogen atoms has one valence 
electron. We begin by connecting the atoms that have 
more than one bond (in this case, the four carbon atoms 
and the nitrogen atom). The problem statement indicates 
how we should connect them: 
aCe? eNe Ca Qa — "CEN? Ci CG- 
: ren 
m C . . 


Then, we connect all of the hydrogen atoms, as shown. 


The nitrogen atom has three o bonds and one lone pair, 
so the steric number is 4, which means that the 
arrangement of electron pairs is expected to be 
tetrahedral. One corner of the tetrahedron is occupied by 
a lone pair, so the geometry of the nitrogen atom (the 
arrangement of atoms around that nitrogen atom) is 
trigonal pyramidal. As such, the individual dipole 
moments associated with the C-N bonds do not fully 
cancel each other. There is a net molecular dipole 
moment, as shown: 


~ HH 

H dueN, | 

H~ LT “C—C=H 

geti 
JH HH 


1.41. Bromine is in group 7A of the periodic table, so 
each bromine atom has seven valence electrons. 
Aluminum is in group 3A of the periodic table, so 
aluminum is supposed to have three valence electrons, 
but the structure bears a negative charge, which means 
that there is one extra electron. That is, the aluminum 
atom has four valence electrons, rather than three, which 
is why it has a formal negative charge. This gives the 
following Lewis structure: 


Br: . © 
> Br: 
ee ʻO oe ee oe oe 
:Bre GA «Br: ———~ :BrA: Br: 


: Br: 
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The aluminum atom has four bonds and no lone pairs, so 
the steric number is 4, which means that this aluminum 
atom will have tetrahedral geometry. 


1.42. The molecular formula of cyclopropane is C3H6, so 
we are looking for a different compound that has the 
same molecular formula, C3H6. That is, we need to find 
another way to connect the carbon atoms, other than in a 
ring (there is only one way to connect three carbon atoms 
in a ring, so we must be looking for something other than 
a ring). If we connect the three carbon atoms in a linear 
fashion and then complete the drawing by placing 
hydrogen atoms at the periphery, we notice that the 
molecular formula (C3Hs) is not correct: 


1 ot | 
a 
H H H 


C3Hg 


We are looking for a structure with the molecular 
formula C3H6. If we remove two hydrogen atoms from 
our drawing, we are left with two unpaired electrons, 
indicating that we should consider drawing a double 
bond: 


H HOH H 
Š -2 AN 
m 
H H H H H H 
H H 
C 
a 
\ 
H C=C 
/ 
H H 
C3Hg 


The structure of this compound (called propylene) is 
different from the structure of cyclopropane, but both 
compounds share the same molecular formula, so they 
are constitutional isomers. 


1.43. 

(a) C-H bonds are considered to be covalent, although 
they do have a very small dipole moment, because there 
is a small difference in electronegativity between carbon 
(2.5) and hydrogen (2.1). Despite the very small dipole 
moments associated with the C-H bonds, the compound 
has no net dipole moment. The carbon atom has 
tetrahedral geometry (because it has four o bonds), so 
the small effects from each C-H bond completely cancel 
each other. 


(b) The nitrogen atom has trigonal pyramidal geometry. 
As such, the dipole moments associated with the N—H 
bonds do not fully cancel each other. There is a net 
molecular dipole moment, as shown: 


Hee 
ANH 
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(c) The oxygen atom has two o bonds and two lone pairs 
(steric number = 4), and VSEPR predicts bent geometry. 
As such, the dipole moments associated with the O-H 
bonds do not cancel each other. There is a net molecular 
dipole moment, as shown: 


H T H 


(d) The central carbon atom of carbon dioxide (CO2) has 
two o bonds and no lone pairs, so it is sp hybridized and 
is expected to have linear geometry. Each C=O bond has 
a strong dipole moment, but in this case, they are 
pointing in opposite directions. As such, they fully 
cancel each other, giving no net molecular dipole 
moment. 


(e) Carbon tetrachloride (CCl4) has four C—Cl bonds, 
each of which exhibits a dipole moment. However, the 
central carbon atom has four o bonds so it is expected to 
have tetrahedral geometry. As such, the four dipole 
moments completely cancel each other out, and there is 
no net molecular dipole moment. 


(£) This compound has two C-—Br bonds, each of which 
exhibits a dipole moment. To determine if these dipole 
moments cancel each other, we must identify the 
molecular geometry. The central carbon atom has four 
o bonds so it is expected to have tetrahedral geometry. 
As such, the C—Br bonds do not completely cancel each 
other out. There is a net molecular dipole moment, as 
shown: 


1.44. 

(a) As indicated in Figure 1.10, oxygen has two /s 
electrons, two 2s electrons, and four 2p electrons. 

(b) As indicated in Figure 1.10, fluorine has two /s 
electrons, two 2s electrons, and five 2p electrons. 

(c) As indicated in Figure 1.10, carbon has two Zs 
electrons, two 2s electrons, and two 2p electrons. 

(d) As seen in SkillBuilder 1.6, the electron 
configuration of a nitrogen atom is 1s?2s°2p° 

(e) This is the electron configuration of chlorine. 


1.45. 
(a) The difference in electronegativity between sodium 
(0.9) and bromine (2.8) is 2.8 — 0.9 = 1.9. Since this 
difference is greater than 1.7, the bond is classified as 
ionic. 


(b) The difference in electronegativity between sodium 
(0.9) and oxygen (3.5) is 3.5 — 0.9 = 2.6. Since this 
difference is greater than 1.7, the Na-O bond is 
classified as ionic. In contrast, the O-H bond is polar 
covalent, because the difference in electronegativity 
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between oxygen (3.5) and hydrogen (2.1) is less than 1.7 
but more than 0.5. 


(c) Each C-H bond is considered to be covalent, because 
the difference in electronegativity between carbon (2.5) 
and hydrogen (2.1) is less than 0.5. 

The C-O bond is polar covalent, because the difference 
in electronegativity between oxygen (3.5) and carbon 
(2.5) is less than 1.7 but more than 0.5. The Na—O bond 
is classified as ionic, because the difference in 
electronegativity between oxygen (3.5) and sodium (0.9) 
is greater than 1.7. 


(d) Each C-H bond is considered to be covalent, because 
the difference in electronegativity between carbon (2.5) 
and hydrogen (2.1) is less than 0.5. 

The C-O bond is polar covalent, because the difference 
in electronegativity between oxygen (3.5) and carbon 
(2.5) is less than 1.7 but more than 0.5. The O-H bond 
is polar covalent, because the difference in 
electronegativity between oxygen (3.5) and hydrogen 
(2.1) is less than 1.7 but more than 0.5. 


(e) Each C-H bond is considered to be covalent, because 
the difference in electronegativity between carbon (2.5) 
and hydrogen (2.1) is less than 0.5. 

The C=O bond is polar covalent, because the difference 
in electronegativity between oxygen (3.5) and carbon 
(2.5) is less than 1.7 but more than 0.5. 


1.46. 
(a) Begin by determining the valency of each atom in the 
compound. The carbon atoms are tetravalent, the oxygen 
atom is divalent, and the hydrogen atoms are all 
monovalent. Any atoms with more than one bond (in 
this case, the two carbon atoms and the oxygen atom) 
should be drawn in the center of the compound, with the 
hydrogen atoms at the periphery. There are two different 
ways to connect two carbon atoms and an oxygen atom, 
shown here: 

C—C—O C—O-C 
We then complete both structures by drawing the 
remaining bonds to hydrogen atoms: 


i o 
h= [een 7 a 
H H H H 


(b) Begin by determining the valency of each atom in the 
compound. The carbon atoms are tetravalent, the oxygen 
atoms are divalent, and the hydrogen atoms are all 
monovalent. Any atoms with more than one bond (in 
this case, the two carbon atoms and the two oxygen 
atoms) should be drawn in the center of the compound, 


with the hydrogen atoms at the periphery. There are 
several different ways to connect two carbon atoms and 


two oxygen atoms (highlighted, for clarity of 
comparison), shown here: 
C—C EO CORO C 
C—O-C-—O O-C—C-—O 


We then complete all of these structures by drawing the 
remaining bonds to hydrogen atoms: 


H H H H 
H—C—¢-+4OMOLH H—¢+ouvoL-¢—H 
HoH h h 
H H H H 
H-CL0+t L0H HOt —t 0H 
ho À H 


(c) The carbon atoms are tetravalent, while the bromine 
atoms and hydrogen atoms are all monovalent. The 
atoms with more than one bond (in this case, the two 
carbon atoms) should be drawn in the center of the 
compound. The bromine atoms and hydrogen atoms are 
then placed at the periphery, and there are two different 
ways to do this. The two bromine atoms can either be 
connected to the same carbon atom or to different carbon 
atoms, as shown. 


Oi i 
Br—C—C—Br H-C—C—Br 
H H H H 


1.47. Begin by determining the valency of each atom in 
the compound. The carbon atoms are tetravalent, the 
oxygen atoms are divalent, and the hydrogen atoms are 
all monovalent. Any atoms with more than one bond (in 
this case, the two carbon atoms and the three oxygen 
atoms) should be drawn in the center of the compound, 
with the hydrogen atoms at the periphery. There are 
many different ways to connect two carbon atoms and 
three oxygen atoms (see the solution to Problem 1.46b 
for comparison). Five such ways are shown, although 
there are certainly others: 
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HOH OH OH 
H—C—C—OH H—C—C—OH 
H OH H H 
OH OH H OH 
H-C—O-C—H = H—-G—0-0-C—-H 
H H H H 
eo 
H—C-0-C—H 
H OH 


1.48. 

(a) Oxygen is more electronegative than carbon, and the 
withdrawal of electron density toward oxygen can be 
indicated with the following arrow: 


+> 
C—O 


(b) Carbon is more electronegative than magnesium, and 
the withdrawal of electron density toward carbon can be 
indicated with the following arrow: 


—+ 
C—Mg 


(c) Nitrogen is more electronegative than carbon, and the 
withdrawal of electron density toward nitrogen can be 
indicated with the following arrow: 


+> 
C—N 


(d) Carbon is more electronegative than lithium, and the 
withdrawal of electron density toward carbon can be 
indicated with the following arrow: 


—— 
C—Li 


(e) Chlorine is more electronegative than carbon, and the 
withdrawal of electron density toward chlorine can be 
indicated with the following arrow: 


> 
c-Cl 


(f) Carbon is more electronegative than hydrogen, and 
the withdrawal of electron density toward carbon can be 
indicated with the following arrow: 


— 
C—H 
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(g) Oxygen is more electronegative than hydrogen, and 
the withdrawal of electron density toward oxygen can be 
indicated with the following arrow: 


oe 
O-H 


(h) Nitrogen is more electronegative than hydrogen, and 
the withdrawal of electron density toward nitrogen can 
be indicated with the following arrow: 


—+ 
N—H 


1.49. 

(a) The oxygen atom has two o bonds and two lone pairs 
(steric number = 4), and VSEPR theory predicts bent 
geometry. The C-O-H bond angle is expected to be 
approximately 105°, and all other bonds angles are 
expected to be 109.5° (because each carbon atom has 
four o bonds and tetrahedral geometry). 


(b) The central carbon atom has three o bonds and no 
lone pairs (steric number = 3), and VSEPR theory 
predicts trigonal planar geometry. As such, all bond 
angles are approximately 120°. 


(c) Each of the carbon atoms has three o bonds and no 
lone pairs (steric number = 3), and VSEPR theory 
predicts trigonal planar geometry. As such, all bond 
angles are approximately 120°. 


(d) Each of the carbon atoms has two o bonds and no 
lone pairs (steric number = 2), and VSEPR theory 
predicts linear geometry. As such, all bond angles are 
approximately 180°. 


H—C=C—H 


(e) The oxygen atom has two o bonds and two lone 
pairs (steric number = 4), and VSEPR theory predicts 
bent geometry. Therefore, the C-O-C bond angle is 
expected to be around 105°. The remaining bond angles 
are all expected to be approximately 109.5° (because 
each carbon atom has four obonds and tetrahedral 
geometry). 


(f) The nitrogen atom has three o bonds and one lone 
pair (steric number = 4), and VSEPR theory predicts 
trigonal pyramidal geometry, with bond angles of 107°. 
The carbon atom is also tetrahedral (because it has four 
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o bonds), although the bond angles around the carbon 
atom are expected to be approximately 109.5°. 


| / 
H—C—N: 

| \ 

H H 


(g) Each of the carbon atoms has four o bonds (steric 
number = 4), so each of these carbon atoms has 
tetrahedral geometry. Therefore, all bond angles are 
expected to be approximately 109.5°. 


ok ol 
neg 
H H H 


(h) The structure of acetonitrile (CH3CN) is shown 
below (see the solution to Problem 1.39b). 


One of the carbon atoms has four o bonds (steric number 
= 4), and is expected to have tetrahedral geometry. The 
other carbon atom (connected to nitrogen) has two 
o bonds and no lone pairs (steric number = 2), so we 
expect linear geometry. 

As such, the C-C=N bond angle is 180°, and all other 
bond angles are approximately 109.5°. 


1.50. 
(a) The nitrogen atom has three o bonds and one lone 
pair (steric number = 4). It is sp? hybridized 


(electronically tetrahedral), with trigonal pyramidal 
geometry (because one corner of the tetrahedron is 
occupied by a lone pair). 


(b) The boron atom has three o bonds and no lone pairs 
(steric number = 3). It is sp? hybridized, with trigonal 
planar geometry. 


(c) This carbon atom has three o bonds and no lone pairs 
(steric number = 3). It is sp? hybridized, with trigonal 
planar geometry. 


(d) This carbon atom has three o bonds and one lone pair 
(steric number = 4). It is sp? hybridized (electronically 
tetrahedral), with trigonal pyramidal geometry (because 
one corner of the tetrahedron is occupied by a lone pair). 


1.51. The double bond represents one o bond and one m 
bond, while the triple bond represents one o bond and 
two m bonds. All single bonds are o bonds. Therefore, 
this compound has sixteen o bonds and three x bonds. 


1.52. 

(a) The latter compound is expected to have a higher 
boiling point, because it has an O-H bond, which will 
lead to hydrogen bonding interactions. 

(b) The latter compound is expected to have a higher 
boiling point, because it has more carbon atoms, and thus 
more opportunity for London interactions. 

(c) Both compounds have the same number of carbon 
atoms, but the first compound has a C=O bond, which 
has a strong dipole moment. The first compound is 
therefore expected to exhibit strong dipole-dipole 
interactions and to have a higher boiling point than the 
second compound. 


1.53. 
(a) This compound possesses an O-H bond, so it is 
expected to exhibit hydrogen bonding interactions. 


a 
H—C—C-O-H 
H H 


(b) This compound lacks a hydrogen atom that is 
connected to an electronegative element. Therefore, this 
compound cannot serve as a hydrogen bond donor 
(although the lone pairs can serve as hydrogen bond 
acceptors). In the absence of another hydrogen bond 
donor, we do not expect there to be any hydrogen 
bonding interactions. 


es fon 


(c) This compound lacks a hydrogen atom that is 
connected to an electronegative element. Therefore, this 


compound will not exhibit hydrogen bonding 
interactions. 
H H 
/ 
C=C 
\ 
H H 


(d) This compound lacks a hydrogen atom that is 
connected to an electronegative element. Therefore, this 
compound will not exhibit hydrogen bonding 
interactions. 

H—C=C—H 


(e) This compound lacks a hydrogen atom that is 
connected to an electronegative element. Therefore, this 
compound cannot serve as a hydrogen bond donor 
(although lone pairs can serve as hydrogen bond 
acceptors). In the absence of another hydrogen bond 
donor, we do not expect there to be any hydrogen 
bonding interactions. 


a 
H—-C—O—C-H 
H H 
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(£) This compound possesses an N-H bond, so it is 
expected to exhibit hydrogen bonding interactions. 
i 
ae 
H 


2 a 


(g) This compound lacks a hydrogen atom that is 
connected to an electronegative element. Therefore, this 


compound will not exhibit hydrogen bonding 
interactions. 
H H H 
H-C—C-—C-H 
TE 


(h) This compound possesses N-H bonds, so it is 
expected to exhibit hydrogen bonding interactions. 


H-N-H 
H 


1.54. 

(a) Boron is in group 3A of the periodic table, and 
therefore has three valence electrons. It can use each of 
its valence electrons to form a bond, so we expect the 
molecular formula to be BH3. 


(b) Carbon is in group 4A of the periodic table, and 
therefore has four valence electrons. It can use each of 
its valence electrons to form a bond, so we expect the 
molecular formula to be CHa. 


(c) Nitrogen is in group 5A of the periodic table, and 
therefore has five valence electrons. But it cannot form 
five bonds, because it only has four orbitals with which 
to form bonds. One of those orbitals must be occupied 
by a lone pair (two electrons), and each of the remaining 
three electrons is available to form a bond. Nitrogen is 
therefore trivalent, and we expect the molecular formula 
to be NH3. 


(d) Carbon is in group 4A of the periodic table, and 
therefore has four valence electrons. It can use each of 
its valence electrons to form a bond, and indeed, we 
expect the carbon atom to have four bonds. Two of the 
bonds are with hydrogen atoms, so the other two bonds 
must be with chlorine atoms. The molecular formula is 
CH2Clo. 


1.55. 

(a) Each of the highlighted carbon atoms has three 
o bonds and no lone pairs (steric number = 3). Each of 
these carbon atoms is sp? hybridized, with trigonal planar 
geometry. Each of the other four carbon atoms has two 
o bonds and no lone pairs (steric number = 2). Those 
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four carbon atoms are all sp hybridized, with linear 
geometry. 


(b) The highlighted carbon atom has three o bonds and 
no lone pairs (steric number = 3). This carbon atom is 
sp” hybridized, with trigonal planar geometry. Each of 
the other three carbon atoms has four o bonds (steric 
number = 4). Those three carbon atoms are all sp? 
hybridized, with tetrahedral geometry. 


1.56. Each of the highlighted carbon atoms has four 
o bonds (steric number = 4), and is sp? hybridized, with 
tetrahedral geometry. Each of the other fourteen carbon 
atoms in this structure has three o bonds and no lone 
pairs (steric number = 3). Each of these fourteen carbon 
atoms is sp? hybridized, with trigonal planar geometry. 


‘i HH 
H c = H 
Me ee AA 
Ho o| | .c=e La- 
ee Cx NW \ VW 
gre: c H. C= H 
HR d / \ 
H 
=c `h 
\ 
er 
Hc 
H“ ie 
H 
1.57. 


(a) Oxygen is the most electronegative atom in this 
compound. See Table 1.1 for electronegativity values. 


(b) Fluorine is the most electronegative atom. See Table 
1.1 for electronegativity values. 


(c) Carbon is the most electronegative atom in this 
compound. See Table 1.1 for electronegativity values. 


1.58. The highlighted nitrogen atom has two o bonds and 
one lone pair (steric number = 3). This nitrogen atom is 
sp” hybridized. It is electronically trigonal planar, but 
one of the sp? hybridized orbitals is occupied by a lone 
pair, so the geometry (arrangement of atoms) is bent. 
The other nitrogen atom (not highlighted) has three 
o bonds and a lone pair (steric number = 4). That 
nitrogen atom is sp? hybridized and electronically 
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tetrahedral. One corner of the tetrahedron is occupied by 
a lone pair, so the geometry (arrangement of atoms) is 
trigonal pyramidal. 


sp’, bent 
7 H 4 sp? 
ral \ v4 È trigonal pyramidal 
I l t al 
Zz N H 
He Ne ce <7 
| \ / E 
H H-o~C 
Ao [Dn 
H 


1.59. Each of the nitrogen atoms in this structure 
achieves an octet with three bonds and one lone pair, 
while each oxygen atom in this structure achieves an 
octet with two bonds and two lone pairs, as shown: 


1.60. In the solution to Problem 1.46a, we saw that the 
following two compounds have the molecular formula 
C2H60. 


The second compound will have a higher boiling point 
because it possesses an OH group which can form 
hydrogen bonding interactions. 


1.61. 

(a) Each C-Cl bond has a dipole moment, and the two 
dipole moments do not fully cancel each other because 
they are not pointing in opposite directions. As such, 
there will be a net molecular dipole moment, as shown 


here: 
:Cl: 
| n 


Cl: 


(b) Each C-Cl bond has a dipole moment, and the two 
dipole moments do not fully cancel each other because 
they are not pointing in opposite directions. As such, 
there will be a net molecular dipole moment, as shown 
here: 


(c) Each C-Cl bond has a dipole moment, and in this 
case, the two dipole moments are pointing in opposite 
directions. As such, they fully cancel each other, giving 
no net molecular dipole moment. 


(d) The C-C1 bond has a dipole moment, and the C—Br 
bond also has a dipole moment. These two dipole 
moments are in opposite directions, but they do not have 
the same magnitude. The C-—Cl bond has a larger dipole 
moment than the C—Br bond, because chlorine is more 
electronegative than bromine. Therefore, there will be a 
net molecular dipole moment, as shown here: 


1.62. The third chlorine atom in chloroform partially 
cancels the effects of the other two chlorine atoms, 
thereby reducing the molecular dipole moment relative 
to methylene chloride. 


1.63. CHCl; is expected to have a larger molecular 
dipole moment than CBrCls, because the bromine atom 
in the latter compound serves to nearly cancel out the 
effects of the other three chlorine atoms (as is the case 
for CCla). 


1.64. The carbon atom of O=C=O has two o bonds and 
no lone pairs (steric number = 2) and VSEPR theory 
predicts linear geometry. As a result, the individual 
dipole moments of each C=O bond cancel each other 
completely to give no overall molecular dipole moment. 
In contrast, the sulfur atom in SO2 has a steric number of 
three (because it also has a lone pair, in addition to the 
two S=O bonds), which means that it has bent geometry. 
As a result, the individual dipole moments of each S=O 
bond do NOT cancel each other completely, and the 
molecule does have a molecular dipole moment. 


1.65. Two compounds possess OH groups, and these 
compounds will have the highest boiling points. Among 
these two compounds, the one with more carbon atoms 
(six) will be higher boiling than the one with fewer 
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carbon atoms (four). The remaining three compounds all 
have five carbon atoms and lack an OH group. The 
difference between these three compounds is the extent 
of branching. Among these three compounds, the 
compound with the greatest extent of branching has the 
lowest boiling point, and the one with the least branching 
has the highest boiling point. 


H H H H H 
wooed lay 
ieee 
H H H H 
pals ae 
WER 


Increasing Lok eben 4 
boiling point H H H H H 
\ "i 
Hoh 
\ 
eatin 
H-Q H H 
H H 
HHO HH 
| ly 
H—C. ,C—H 
Cc 
H—C~ ~C—H 
Z| I^ 
Hy H 
1.66. 


(a) Compounds A and B share the same molecular 
formula (C4sHoN) but differ in their constitution 
(connectivity of atoms), and they are therefore 
constitutional isomers. 

(b) The nitrogen atom in compound B has three o bonds 
and one lone pair (steric number = 4). It is sp? 
hybridized (electronically tetrahedral), with trigonal 
pyramidal geometry (because one corner of the 
tetrahedron is occupied by a lone pair). 

(c) A double bond represents one o bond and one m 
bond, while a triple bond represents one o bond and two 
mt bonds. A single bond represents a o bond. With this 
in mind, compound B has 14 o bonds, as compared with 
compounds A and C, which have 13 and 11 o bonds, 
respectively. 

(d) As explained in the solution to part (c), compound C 
has the fewest o bonds. 

(e) A double bond represents one o bond and one m 
bond, while a triple bond represents one o bond and two 
mt bonds. As such, compound C exhibits two n bonds. 

(f) Compound A has a C=N bond, in which the carbon 
atom has three o bonds and no lone pairs (steric number 
= 3). It is sp* hybridized. 

(g) Each of the carbon atoms in compound B is sp? 
hybridized with four obonds (steric number = 4). 
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Similarly, the nitrogen atom in compound B has three 
o bonds and one lone pair (steric number = 4). This 
nitrogen atom is also sp? hybridized. 

(h) Compound A has an N-H bond, and is therefore 
expected to form hydrogen bonding interactions. 
Compounds B and C do not contain an N-H bond, so 
compound A is expected to have the highest boiling 
point. 


1.67. 

(a) In each of the following two compounds, all of the 
carbon atoms are sp* hybridized (each carbon atom has 
three o bonds and one m bond). There are certainly 
many other possible compounds for which all of the 
carbon atoms are sp” hybridized. 


(b) In each of the following two compounds, all of the 
carbon atoms are sp? hybridized (because each carbon 
atom has four o bonds) with the exception of the carbon 
atom connected to the nitrogen atom. That carbon atom 
has two o bonds and is therefore sp hybridized. There 
are certainly many other acceptable answers. 


H H H H H 

ieee ae 

ee ane 
H H C H H 
eo 
eee 


(c) In each of the following two compounds, there is a 
ring, and all of the carbon atoms are sp? hybridized 
(because each carbon atom has four o bonds). There are 
certainly many other acceptable answers. 


H H H 
a ea H is Hid Len 
I 
H—-C~ ~C—-H VALS H 
HG. 6-H a 
rc 1 Hee San 
Ma a H H 
H H 


(d) In each of the following two compounds, all of the 
carbon atoms are sp hybridized (because each carbon 
atom has two o bonds). There are certainly many other 
acceptable answers. 


N=CG+C=C—C=C—GE=N 


F—C=C—C=C—C=C—F 
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1.68. In the solution to Problem 1.1c, we saw that there 
are three ways to arrange five carbon atoms: 


C 
| | 
C—C-—C-—C-—C c—C—C-—C C—C—-C 
1 2 3 4 5 1 2 3 4 1 2 3 
Linear One branch c 


Two branches 


For each of these three skeletons, we must consider each 
possible location where a double bond can be placed. 
The skeleton with two branches cannot support a double 
bond, because the central carbon atom already has four 
bonds to carbon atoms, and it cannot accommodate a 
fifth bond (it cannot form another bond with any one of 
the four carbon atoms to which it is already connected). 
So we only have to consider the other two skeletons 
above (the linear skeleton and the skeleton with one 
branch). In the linear skeleton, the double bond can be 
placed at C1-C2 or at C2-C3. 

C=C>-C—C—-C CH=C=C7--C—C 

1 2 3 4 5 1 2 3 4 5 
Placing the double bond at C3-C4 is the same as placing 
the double bond at C2-C3. Similarly, placing the double 
bond at C4-C5 is the same as placing the double bond at 
C1-C2. 
For the skeleton with one branch, there are three 
different locations where the double bond can be placed, 
shown here: 


; : i 
C=C—C—C C—=C=C-C C—C—C=C 
1 2 3 4 1 2 3 4 1 2 3 4 

Be careful, the following two locations are the same: 
1 
ñi i 
C=C+C—C = c-@c-—c 
1 2 3 4 2 3 4 


Finally, we complete all five possible structures by 
drawing the remaining bonds to the hydrogen atoms (see 
next page): 


Linear skeleton 


H H H H H H 
| \/ | Na, 
NAF cor wa HS Pie 204 JH 
| 7\ IN | / 
H H HH H H H wy H H 


H 
H_I H HH a 
l 1H | LH 
H, ZE~ o” `H je -Cao-S5y 
| H H H° | | 
H p H F H H 
“C7 H 


1.69. In each of the following two compounds, the 
molecular formula is C4HıoN2, there is a ring (as 
suggested in the hint given in the problem statement), 
there are no m bonds, there is no net dipole moment, and 
there is an N-H bond, which enables hydrogen bonding 
interactions. 


H 
H H H H | H 
roe | \ UNS 4 
HOON UNG H—C C—H 
N7 N Sy | | 
C H—C C—H 
| JN / =y” \ 
H 


1.70. If we try to draw a linear skeleton with five 
carbon atoms and one nitrogen atom, we find that the 
number of hydrogen atoms is not correct (there are 
thirteen, rather than eleven): 


Ha H 

/ 

H—C—C—C—C—C—N 

rot ft to tN 

H H H HH H 
CsH43N 


This will be the case even if try to draw a branched 
skeleton: 


i 

pE h 5 

| | / 

H—C—C—C-—N 

| | | \ 
H H 

H-C—H 

H Cs5H13N 


In fact, regardless of how the skeleton is branched, it will 
still have 13 hydrogen atoms. But we need to draw a 
structure with only 11 hydrogen atoms (CsH11N). So we 
must remove two hydrogen atoms, which gives two 
unpaired electrons: 


unpaired CsH11N 


electrons 


This indicates that we should consider pairing these 
electrons as a double bond. However, the problem 
statement specifically indicates that the structure cannot 
contain a double bond. So, we must find another way to 
pair the unpaired electrons. We encountered a similar 
issue in the solution to problem 1.36a, in which we 
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paired the electrons by forming a ring. We can do 
something similar here: 


L E-E obo, -2 (H; 
H—C—C—C—C—C—N 
1 ot od \ 
H H H HH H 
CsH43N 
To eo ae 
Ti 
H—C—C—C—C—C—N 
an E A \ 
ne . 
H C5H44N 
H, x M 
-C° ~C—N 
HT o 
Foa 
H H 
Cs5H1,N 


Now we have the correct number of hydrogen atoms 
(eleven), which means that our structure must indeed 
contain a ring. But this particular cyclic structure (cyclic 
= containing a ring) does not meet all of the criteria 
described in the problem statement. Specifically, each 
carbon atom must be connected to exactly two hydrogen 
atoms. This is not the case in the structure above. This 
issue can be remedied in the following structure, which 
has a ring, and each of the carbon atoms is connected to 
exactly two hydrogen atoms, as required by the problem 
statement. 


H 
ee, 
/ 
aa Ea 
H—C C—H 
i SCIA 
H /\ H 
H H 
1.71. 
(a) In compound A, the nitrogen atom has two o bonds 
and no lone pairs (steric number = 2). It is sp 


hybridized. The highlighted carbon atom has one o bond 
and one lone pair (steric number = 2), so that carbon 
atom is sp hybridized. 

(b) The highlighted carbon atom is sp hybridized, so the 
lone pair occupies an sp hybridized orbital. 

(c) The nitrogen atom is sp hybridized and therefore has 
linear geometry. As such, the C-N-C bond angle in A is 
expected to be 180°. 

(d) The nitrogen atom in B has two o bonds and one lone 
pair (steric number = 3). It is sp? hybridized. The 
highlighted carbon atom has three o bonds and no lone 
pairs (steric number = 3), and that carbon atom is sp? 
hybridized. Each of the chlorine atoms has three lone 
pairs and one bond (steric number = 4), and the chlorine 
atoms are sp? hybridized. 

(e) The nitrogen atom is sp? hybridized, so the lone pair 
occupies an sp” hybridized orbital. 

(f) The nitrogen atom is sp? hybridized so the C-N-C 
bond angle in B is expected to be approximately 120°. 
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1.72. By analyzing the data, we can see that C(sp*)-Cl 
must be shorter than 1.79A [compare with C(sp*)—Cll], 
while C(sp)-I must be longer than 1.79A [compare with 
C(sp)-Br]. Therefore, C(sp)-I must be longer than 
C(sp?)-Cl. 


1.73. 

(a) In the first compound, the fluorine isotope (!8F) has 
no formal charge. Therefore, it must have three lone 
pairs (see Section 1.4 for a review of how formal charges 
are calculated). Since it has one o bond and three lone 
pairs, it must have a steric number of 4, and is sp? 
hybridized. The bromine atom also has no formal 
charge. So, it too, like the fluorine isotope, must have 
three lone pairs. Once again, one o bond and three lone 
pairs give a steric number of 4, so the bromine atom is 
sp? hybridized. 

In the second compound, the nitrogen atom has no 
formal charge. Therefore, it must have one lone pair. 
Since the nitrogen atom has three o bonds and one lone 
pair, it must have a steric number of 4, and is sp? 
hybridized. 

In the product, the fluorine isotope ('8F) has no formal 
charge. Therefore, it must have three lone pairs. Since it 
has one o bond and three lone pairs, it must have a steric 
number of 4, and is sp? hybridized. The nitrogen atom 
does have a positive formal charge. Therefore, it must 
have no lone pairs. Since it has four o bonds and no lone 
pairs, it must have a steric number of 4, and is sp? 
hybridized. Finally, the bromine atom has a negative 
charge and no bonds. So it must have four lone pairs. 
With four lone pairs and no bonds, it will have a steric 
number of 4, and is expected to be sp? hybridized. 

In summary, all of the atoms that we analyzed are sp? 
hybridized. 


(b) The nitrogen atom is sp? hybridized. With four 
bonds, we expect the geometry around the nitrogen atom 
to be tetrahedral. So, the bond angle for each C-N-C 
bond is expected to be approximately 109.5°. 


1.74. We must first draw the structure of HCN. To 
draw a Lewis structure, we begin by counting the 
valence electrons (H has 1, C has 4, and N has 5, for a 
total of 10). The structure must have 10 valence 
electrons (no more and no less). Carbon should have 
four bonds, and it can only form a single bond with the 
hydrogen atom, so there must be a triple bond between 
carbon and nitrogen: 
H—C=N: 


The single bond accounts for two electrons, and the triple 
bonds accounts for another six electrons. The remaining 
two electrons must be a lone pair on nitrogen. This 
accounts for all 10 valence electrons, and it gives all 
atoms an octet. 

Since the carbon atom has a triple bond, it must be sp 
hybridized, with linear geometry. 


1.75. The molecular formula of cyclobutane is CaHs. Of 
the four structures shown, only structure c has the same 
molecular formula (C4Hs). 
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1.76. Each of the structures has two carbon atoms and 
one oxygen atom. However, only the second structure 
has an OH group. This compound will have an elevated 
boiling point, relative to the other three structures, 
because of hydrogen bonding. 


1.77. The first statement (a) is the correct answer, 
because an oxygen atom has a negative charge, and the 
nitrogen atom has a positive charge, as shown here: 


ind 
a0 

H=N—C—C-6: 

H H 


1.78. 

(a) Boron is in group 3A of the periodic table and is 
therefore expected to be trivalent. That is, it has three 
valence electrons, and it uses each one of those valence 
electrons to form a bond, giving rise to three bonds. It 
does not have any electrons left over for a lone pair (as in 
the case of nitrogen). With three o bonds and no lone 
pairs, the boron atom has a steric number of three, and is 
sp” hybridized. 


(b) Since the boron atom is sp? hybridized, we expect 
the bond angle to be approximately 120°. However, in 
this case, the O-B-O system is part of a five-membered 
ring. That is, there are five different bond angles (of 
which the O-B-O angle is one of them) that together 
must form a closed loop. That requirement could 
conceivably force some of the bond angles (including the 
O-B-O bond angle) to deviate from the predicted value. 
In fact, we will explore this very phenomenon, called 
ring strain, in Chapter 4, and we will see that five- 
membered rings actually possess very little ring strain 
compared with smaller rings. 


(c) Each of the oxygen atoms has no formal charge, and 
must therefore have two bonds and two lone pairs. The 
boron atom has no lone pairs, as explained in the 
solution to part (a) of this problem. 


1.79. 

(a) If we analyze each atom (in both 1 and 2) using the 
procedure outlined in Section 1.4, we find that none of 
the atoms in compound 1 have a formal charge, while 
compound 2 possesses two formal charges: 


H H 
Y- 
// N ® O 
H—C C—C=N—O: 
\ / = 
C=C 
H H 


The nitrogen atom has a positive charge (it is supposed 
to be using five valence electrons, but it is actually using 
four), and the oxygen atom has a negative charge (it is 
supposed to be using six valence electrons, but it is 
actually using seven). 


(b) Compound 1 possesses polar bonds, as a result of the 
presence of partial charges (6+ and 6-). The associated 
dipole moments can form favorable interactions with the 
dipole moments present in the polar solvent molecules 
(dipole-dipole interactions). However, compound 2 has 
formal charges (negative on O and positive on N), so the 
dipole moment of the N-O bond is expected to be much 
more significant than the dipole moments in compound 
1. The dipole moment of the N-O bond in compound 2 
is the result of full charges, rather than partial charges. 
As such, compound 2 is expected to experience much 
stronger interactions with the solvent molecules, and 
therefore, 2 should be more soluble than 1 in a polar 
solvent. 


(c) In compound 1, the carbon atom (attached to 
nitrogen) has three o bonds and no lone pairs (steric 
number = 3). That carbon atom is sp? hybridized, with 
trigonal planar geometry. As such, the C-C-N bond 
angle in compound 1 is expected to be approximately 
120°. However, in compound 2, the same carbon atom 
has two o bonds and no lone pairs (steric number = 2). 
This carbon atom is sp hybridized, with linear geometry. 
As such, the C-C-N bond angle in 2 is expected to be 
180°. The conversion of 1 to 2 therefore involves an 
increase in the C-C-N bond angle of approximately 60°. 


1.80. 

(a) Ca has three o bonds and no lone pairs, so it has a 
steric number of 3, and is sp* hybridized. The same is 
true for Cc. In contrast, Cp has two o bonds and no lone 
pairs, so it has a steric number of 2, and is therefore sp 
hybridized. 


(b) Since Ca is sp” hybridized, we expect its geometry to 
be trigonal planar, so the bond angle should be 
approximately 120°. 


(c) Since Cp is sp hybridized, we expect its geometry to 
be linear, so the bond angle should be approximately 
180°. 


(d) The central carbon atom (Cb) is sp hybridized, so it 
is using two sp hybridized orbitals to form its two 
o bonds, which will be arranged in a linear fashion. The 
remaining two p orbitals of C» used for n bonding will be 
90° apart from one another (just as we saw for the carbon 
atoms of a triple bond; see Figure 1.33). 
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o o 


Ca—Ch—Co 


As a result, the two n systems are orthogonal (or 90°) to 
each other. Therefore, the p orbitals on Ca and Ce are 
orthogonal. The following is another drawing from a 
different perspective (looking down the axis of the linear 
Ca-Cp-Ce system. 


1.81. 
(a) The following highlighted regions represent the two 
different N-C-N units in the structure: 


HaC, ji H f pe 
H3C—C—O—C--N—C—N*C—N—C—H 
anaes; DO 
H3C H CHa H H  CH3 
c 
H3C~ | OCH 
3 H 3 
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Hee, i j i pits 
H3C -C—O—C—N—C-{N—C—N2-C—H 
H3C H CHa H H  CH3 
C 
H3C~ | ~CH 
3 H 3 


The first N-C-N unit (shown above) exhibits a central 
carbon atom that is sp? hybridized and is therefore 
expected to have tetrahedral geometry. Accordingly, the 
bond angles about that carbon atom are expected to be 
approximately 109.5°. 

The other N-C-N unit exhibits a central carbon atom that 
is sp? hybridized and is therefore expected to have 
trigonal planar geometry. Accordingly, the bond angles 
about that carbon atom are expected to be approximately 
120°. 


(b) The non-covalent interaction is an intramolecular, 

hydrogen bonding interaction between the H (connected 

to the highlighted nitrogen atom) and the lone pair of the 
oxygen atom: 

hydrogen bonding 

interaction CH 

oe ost 


Hc, CH 
` CH 


po 
H3C 1 
ore a 
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Chapter 2 
Molecular Representations 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 2. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 
Vocabulary. 


e In bond-line structures, atoms and most atoms are not drawn. 
e A is a characteristic group of atoms/bonds that show a predictable behavior. 
e When a carbon atom bears either a positive charge or a negative charge, it will have 

rather than four, bonds. 


e In bond-line structures, a wedge represents a group coming the page, while a dash 
represents a group the page. 

° arrows are tools for drawing resonance structures. 

e When drawing curved arrows for resonance structures, avoid breaking a bond and never 
exceed for second-row elements. 


e The following rules can be used to identify the significance of resonance structures: 
1. The most significant resonance forms have the greatest number of filled 
2. The structure with fewer is more significant. 
3. Other things being equal, a structure with a negative charge on the more 

element will be more significant. Similarly, a positive charge will be more stable on the 

less element. 
4. Resonance forms that have equally good Lewis structures are described as 

and contribute equally to the resonance hybrid. 

lone pair participates in resonance and is said to occupya___ orbital. 
lone pair does not participate in resonance. 


e A 
A 


Review of Skills 


Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 
the end of Chapter 2. The answers appear in the section entitled SkillBuilder Review. 


SkillBuilder 2.1 Converting Between Different Drawing Styles 


DRAW THE LEWIS STRUCTURE OF THE FOLLOWING COMPOUND 


(CH3)3COCH3; ——>> 


SkillBuilder 2.2 Reading Bond-Line Structures 


CIRCLE ALL CARBON ATOMS IN THE COMPOUND BELOW | DRAW ALL HYDROGEN ATOMS IN THE COMPOUND BELOW 
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SkillBuilder 2.3 Drawing Bond-Line Structures 


DRAW A BOND-LINE DRAWING OF THE FOLLOWING COMPOUND: 


AN OXYGEN ATOM 

WITH A NEGATIVE 

CHARGE WILL HAVE 
LONE PAIR(S) 


AN OXYGEN ATOM 

WITH NO FORMAL 

CHARGE WILL HAVE 
LONE PAIR(S) 


AN OXYGEN ATOM 
WITH A POSITIVE 
CHARGE WILL HAVE 
_ LONE PAIR(S) 


DOANA 


SkillBuilder 2.5 Identifying Lone Pairs on Nitrogen Atoms 


A NITROGEN ATOM 

WITH A NEGATIVE 

CHARGE WILL HAVE 
LONE PAIR(S) 


NS A 


A NITROGEN ATOM 

© WITH NO FORMAL 

CHARGE WILL HAVE 
LONE PAIR(S) 


A NITROGEN ATOM 
WITH A POSITIVE 
CHARGE WILL HAVE 
_ LONE PAIR(S) 


Le 


SkillBuilder 2.6 Identifying Valid Resonance Arrows 


RULE 1: THE TAIL OF ACURVED ARROW 


CANNOT BE PLACED ON A 


—_ 


TAIL 


RULE 2: THE HEAD OF A CURVED ARROW 
CANNOT RESULT IN 


{os 


HEAD 


SkillBuilder 2.7 Assigning Formal Charges in Resonance Structures 


INDICATE THE LOCATION OF THE NEGATIVE CHARGE IN THE SECOND RESONANCE STRUCTURE BELOW 


STEP 1 THE MOST 
SIGNIFICANT RESONANCE 
FORMS HAVE THE 
GREATEST NUMBER OF 
FILLED OCTETS. IDENTIFY 
WHICH FORM BELOW IS 
THE MAJOR CONTRIBUTOR. 


(CH 
H3c—O+C@ 


STEP 2 THE STRUCTURE WITH FEWER FORMAL 
CHARGES IS MORE SIGNIFICANT. BASED ON 
STEPS ONE AND TWO, IDENTIFY WHICH FORM 
BELOW IS THE LARGEST CONTRIBUTOR, WHICH 
IS A MAJOR CONTRIBUTOR, AND WHICH IS A 
MINOR CONTRIBUTOR. 


STEP 3 CONSIDER THE LOCATION OF THE 
FORMAL CHARGE(S), AND IDENTIFY THE MAJOR 
CONTRIBUTOR BELOW. 


STEP 4 DETERMINE MAJOR AND MINOR 
CONTRIBUTORS, AND RANK RESONANCE FORMS. 
AS A GENERAL RULE, IF ONE OR MORE OF THE 
RESONANCE FORMS HAS ALL FILLED OCTETS, 
THEN ANY RESONANCE FORM MISSING AN OCTET 
WILL BE A MINOR CONTRIBUTOR. 
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SkillBuilder 2.9 Drawing a Resonance Hybrid 


STEPS 1 and 2 AFTER DRAWING ALL STEP 3 REDRAW THE STRUCTURE, STEP 4 REVISE THE SIZE OF THE PARTIAL 
RESONANCE STRUCTURES, IDENTIFY SHOWING PARTIAL BONDS AND CHARGES TO INDICATE DISTRIBUTION OF 
WHICH ONE IS MORE SIGNIFICANT. PARTIAL CHARGES. ELECTRON DENSITY. 


Age a An 


SkillBuilder 2.10 Identifying Localized and Delocalized Lone Pairs 


IDENTIFY WHETHER THE LONE PAIR ON THE | IDENTIFY THE HYBRIDIZATION STATE 
NITROGEN ATOM BELOW IS DELOCALIZED OF THE NITROGEN ATOM 


Common Mistakes to Avoid 


When drawing a structure, make sure to avoid drawing a pentavalent carbon atom, or even a hexavalent or 
heptavalent carbon atom: 


INCORRECT INCORRECT INCORRECT 


x OK, UK 


Carbon cannot Carbon cannot Carbon cannot 
have five bonds have six bonds have seven bonds 


Carbon cannot have more than four bonds. Avoid drawing a carbon atom with more than four bonds, as 
that is one of the worst mistakes you can make as a student of organic chemistry. 


Also, when drawing a structure, either draw all carbon atom labels (C) and all hydrogen atom labels (H), 
like this: 


eon 
Ba 
H H H H 


or don’t draw any labels (except H attached to a heteroatom), like this: 
2N Soh 


That is, if you draw all C labels, then you should really draw all H labels also. Avoid drawings in which 
the C labels are drawn and the H labels are not, as shown here: 


INCORRECT INCORRECT 


C—C—C—C—OH Go er a 


These types of drawings (where C labels are shown and H labels are not shown) should only be used when 


you are working on a scratch piece of paper and trying to draw constitutional isomers. For example, if you 
are considering all constitutional isomers with the molecular formula C3HgO, you might find it helpful to 
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use drawings like these as a form of “short-hand” so that you can identify all of the different ways of 


connecting three carbon atoms and one oxygen atom: 


a 
CcC—C-C 


C—C—-C 


C407 C—C 


But your final structures should either show all C and H labels, or no labels at all. The latter is the more 


commonly used method: 


HO, AN, 


Solutions 


2.1. 

(a) The condensed structure indicates the constitution 
(how the atoms are connected to each other). The Lewis 
structure shows these connections more clearly, because 
every bond is drawn: 


H, H 
CH2=CHOCH2CH(CH3)2 H O-C—C—-H 
Condensed structure pao. H £ ~H 
H H H H 


Lewis structure 


(b) The condensed structure indicates the constitution 
(how the atoms are connected to each other). The Lewis 
structure shows these connections more clearly, because 
every bond is drawn: 


H H 
\/ 
H—C H 
J 
(CH3CH2)zCHCH2CH20OH H POTY STH 
= 
Condensed structure /\ H H 
=e H 
H H Lewis structure 


(c) The condensed structure indicates the constitution 
(how the atoms are connected to each other). The Lewis 
structure shows these connections more clearly, because 
every bond is drawn: 


H H 
XZ 
H Pm 
i 
(CH3CH2)3COH H—-G—C—C—O-H 
Condensed structure H H aR 
H C—H 
r\ 
H H 


Lewis structure 


oe 


(d) The condensed structure indicates the constitution 
(how the atoms are connected to each other). The Lewis 
structure shows these connections more clearly, because 
every bond is drawn: 


H H 
N27 
H C—H 
S- HH 
(CH3}C=CHCH2CH3 ae an 
Condensed structure H a a 
H HH 


Lewis structure 


(e) The condensed structure indicates the constitution 
(how the atoms are connected to each other). The Lewis 
structure shows these connections more clearly, because 
every bond is drawn: 


a 
PRD | 
CH2=CHCH2O0CH2CH(CH3)2 H =o 
1 | 
Condensed structure H “CL H C 
‘ee hot H 
C=C H H 
/ N 
H H 


Lewis structure 


(£) The condensed structure indicates the constitution 
(how the atoms are connected to each other). The Lewis 
structure shows these connections more clearly, because 
every bond is drawn: 


\ / 
(CH3CH2)sC=CHo po 
Condensed structure 


Lewis structure 


(g) The condensed structure indicates the constitution 
(how the atoms are connected to each other). The Lewis 


www.MyEbookNiche.eCrater.com 


32 CHAPTER 2 


structure shows these connections more clearly, because 
every bond is drawn: 


ad | 
\ ja 
(CH3)3CCH2CH20H H= gecene 
Condensed structure H C HH 
H ICH 
H 


Lewis structure 


(h) The condensed structure indicates the constitution 
(how the atoms are connected to each other). The Lewis 
structure shows these connections more clearly, because 
every bond is drawn: 


H 
CH3CH2CH,CH,CHCH; = y,_—b 4 ob bd 
Condensed structure i 


z=—O== 
I 


Lewis structure 


(i) The condensed structure indicates the constitution 
(how the atoms are connected to each other). The Lewis 
structure shows these connections more clearly, because 
every bond is drawn: 


fe Jie eal 
CH3CH»CH2OCH3 ee oe a 
Condensed structure H H H H 


Lewis structure 


(j) The condensed structure indicates the constitution 
(how the atoms are connected to each other). The Lewis 
structure shows these connections more clearly, because 
every bond is drawn: 


H H 
\/ 
H—C H 
ire 
H—C H 
yy 
Nun. os 
(CH3CH2CH2)2CHOH H—c—6-H 
Condensed structure H =E 
H—C H 
IN 
H-O H Lewis 
H H structure 


(k) The condensed structure indicates the constitution 
(how the atoms are connected to each other). The Lewis 
structure shows these connections more clearly, because 
every bond is drawn: 


H H 
\/ 
H—C H 
H HH 
\ ae 
(CH3CH>)2CHCHOCH3 H~C—C-G-G-H 
Condensed structure H— A H H 
H-E r Lewis 
H H structure 


() The condensed structure indicates the constitution 
(how the atoms are connected to each other). The Lewis 


structure shows these connections more clearly, because 
every bond is drawn: 


H H 
H- i 
(CH3)2CHCH2OH H—c—G—O-H 
Condensed structure H 72 H 
H H 


Lewis structure 


2.2. Begin by drawing a Lewis structure for each 
isomer, so that the bonding of the carbon atoms is shown 
more clearly. Notice that in two of the isomers, a carbon 
atom is sharing a double bond with oxygen. Each of 
these carbon atoms is sp? hybridized. All of the other 
carbon atoms exhibit four single bonds and are sp? 
hybridized. These seven carbon atoms are highlighted, 
and thus the number of sp?-hybridized carbons in the 
structures are two, three, and two, respectively: 


H2C_ 
(CH3)2CO Hè >CHOH CH3CH2CHO 


2 


condensed / partially condensed structures 


H 
H O H H H H 
Lou Cl H LA 
HC CCH H SCI H+CHC+C=0 
| I LC O—H | | 
H H H°? H H H 
H 
Lewis structures 
23% 


(a) Each corner and each endpoint represents a carbon 
atom (highlighted below), so this compound has six 
carbon atoms. Each carbon atom will have enough 
hydrogen atoms to have exactly four bonds, as shown: 


Il 
x= 
O 
EN 


(b) Each corner and each endpoint represents a carbon 
atom (highlighted below), so this compound has twelve 
carbon atoms. Each carbon atom will have enough 
hydrogen atoms to have exactly four bonds, as shown: 
ge 
“er 
| 
Cc Cc 
H3C~ Yo CH; 
CH3 


HC CH3 


Sc7 
| 
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(c) Each comer and each endpoint represents a carbon 
atom (highlighted below), so this compound has six 
carbon atoms. Each carbon atom will have enough 
hydrogen atoms to have exactly four bonds, as shown: 


Yel 


(d) Each corner and each endpoint represents a carbon 
atom (highlighted below), so this compound has seven 
carbon atoms. Each carbon atom will have enough 
hydrogen atoms to have exactly four bonds, as shown: 


(e) Each corner and each endpoint represents a carbon 
atom (highlighted below), so this compound has seven 
carbon atoms. Each carbon atom will have enough 
hydrogen atoms to have exactly four bonds, as shown: 


a a ` 
CL Nay: 
HICH HIIDH 

H 


(f) Each corner and each endpoint represents a carbon 
atom (highlighted below), so this compound has seven 
carbon atoms. Each carbon atom will have enough 
hydrogen atoms to have exactly four bonds, as shown: 


O 
era 
= H~ NZ N\ LZ SH 
= i E R 


2.4. Remember that each corner and each endpoint 
represents a carbon atom. This compound therefore has 
16 carbon atoms, highlighted below: 


Each carbon atom should have four bonds. We therefore 
draw enough hydrogen atoms in order to give each 
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carbon atom a total of four bonds. Any carbon atoms 
that already have four bonds will not have any hydrogen 
atoms: 


H H HH 
H H VH 
H N~~N 
On N ‘ | 
n S N-H 


2.5. In each of the following structures, the carbon 
skeleton is drawn in a zig-zag format, in which carbon 
atoms represent each corner and endpoint. Hydrogen 
atoms are only drawn if they are connected to 
heteroatoms: 


(a) O 
(c) (d) 
OH 
< 
OH 
(e) (f) 


@® | h) 


= 
= 
& 
> 


~~ 


www.MyEbookNiche.eCrater.com 


34 CHAPTER 2 


(0) (p) 

m we 
(q) 7 

xe 

(r) 


2.6. The carbon skeleton is drawn in a zig-zag format, in 
which carbon atoms represent each corner and endpoint. 


2.7. The functional groups in the following compounds 
are highlighted and identified, using the terminology 
found in Table 2.1. 


aromatic 
NH2 
amine ether 
Q 
ny te amide 
H OH 
alcohol 
ester 
O o 
N 
" 
HO O H amine 
g id 
AMIE aromatic 


carboxylic acid 


2.8. 
(a) In this case, the oxygen atom has two bonds and no 
formal charge, so it must have two lone pairs (see Table 
2.2). 


Es 


(b) In this case, each of the oxygen atoms has two 
bonds and no formal charge, so each oxygen atom must 
have two lone pairs (see Table 2.2). 


“O° 


AGN 


(©) In this case, each of the oxygen atoms has two 
bonds and no formal charge, so each oxygen atom must 
have two lone pairs (see Table 2.2). 


“O° 
A ö H 


(d) One of the oxygen atoms has two bonds and no 
formal charge, so that oxygen atom must have two lone 
pairs (see Table 2.2). The other oxygen atom has one 
bond and a negative charge, so that oxygen atom must 
have three lone pairs. 


O" 


Ase 


(e) In this case, the oxygen atom has one bond and a 
negative charge, so it must have three lone pairs (see 
Table 2.2). 


a 


(f) In this case, the oxygen atom has two bonds and no 
formal charge, so it must have two lone pairs (see Table 
2.2). 

“O: 


+ 


(g) In this case, the oxygen atom has three bonds and a 
positive charge, so it must have one lone pair (see Table 


2.2). 
O, 
Cy 


(h) In this case, the oxygen atom has three bonds and a 
positive charge, so it must have one lone pair (see Table 
2.2). 


(i) From left to right, the first oxygen atom has two 
bonds and no formal charge, so it must have two lone 
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pairs (see Table 2.2). The second oxygen atom has three 
bonds and a positive charge, so it must have one lone 
pair. Finally, the third oxygen atom has one bond and a 
negative charge, so it has three lone pairs. 


©.. 
An~52 


(j) One of the oxygen atoms has two bonds and no 
formal charge, so that oxygen atom must have two lone 
pairs (see Table 2.2). The other oxygen atom has three 
bonds and a positive charge, so that oxygen atom must 
have one lone pair. 


2.9. Each oxygen atom in hydroxymethylfurfural lacks a 
charge and has two bonds, so each oxygen atom must 
have two lone pairs. 


2.10. 

(a) In this case, the nitrogen atom has three bonds and 
no formal charge, so it must have one lone pair (see 
Table 2.3). 


NO 


A 


(b) In this case, the nitrogen atom has three bonds and 
no formal charge, so it must have one lone pair (see 
Table 2.3). 


| 
H 
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(c) In this case, the nitrogen atom has three bonds and 
no formal charge, so it must have one lone pair (see 
Table 2.3). 


A 


(d) In this case, the nitrogen atom has four bonds and a 
positive charge, so it must have no lone pairs (see Table 
2.3). 


/ 
Ne, 


oS 


(e) In this case, the nitrogen atom has two bonds and a 
negative charge, so it must have two lone pairs (see 
Table 2.3). 


© 
NO 


(f) In this case, the nitrogen atom has three bonds and no 
formal charge, so it must have one lone pair (see Table 


2.3). 
« :N— 


(g) In this case, the nitrogen atom has four bonds and a 
positive charge, so it must have no lone pairs (see Table 


2.3). 
2 
/ 


(h) One of the nitrogen atoms has four bonds and a 
positive charge, so it must have no lone pairs (see Table 
2.3). The other nitrogen atom has three bonds and no 
formal charge, so it must have one lone pair. 


j 
ne K 


JL H 
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2.11. Every uncharged nitrogen atom in this compound has three bonds and needs one lone pair of electrons to fill its 
octet. Every positively charged nitrogen atom has four bonds and no lone pairs. 


HO 


three bonds + one lone pair = 
no formal charge on nitrogen 


OH 


2.12. 

(a) This curved arrow violates the second rule by giving 
a fifth bond to a nitrogen atom. 

(b) This curved arrow does not violate either rule. 

(c) This curved arrow violates the second rule by giving 
five bonds to a carbon atom. 

(d) This curved arrow violates the second rule by giving 
three bonds and two lone pairs to an oxygen atom. 

(e) This curved arrow violates the second rule by giving 
five bonds to a carbon atom. 

(f) This curved arrow violates the second rule by giving 
five bonds to a carbon atom. 

(g) This curved arrow violates the first rule by breaking 
a single bond, and violates the second rule by giving five 
bonds to a carbon atom. 

(h) This curved arrow violates the first rule by breaking 
a single bond, and violates the second rule by giving five 
bonds to a carbon atom. 

(i) This curved arrow does not violate either rule. 

(j) This curved arrow does not violate either rule. 

(k) This curved arrow violates the second rule by giving 
five bonds to a carbon atom. 

() This curved arrow violates the second rule by giving 
five bonds to a carbon atom. 


2.13. The tail of the curved arrow must be placed on the 


double bond in order to avoid violating the first rule 
(avoid breaking a single bond). 


Bro 


TO 


four bonds + no lone pairs = 
H3 a postively charged nitrogen 


OH 
OH 
2.14. 
(a) This curved arrow violates the first rule (avoid 
breaking a single bond). 


(b) This curved arrow does not violate either rule. 

(c) This curved arrow violates the second rule (never 
exceed an octet for second-row elements) by giving five 
bonds to a carbon atom. 

(d) This curved arrow violates the second rule by giving 
five bonds to a carbon atom. 


2.15. 

(a) The curved arrow indicates that we should draw a 
resonance structure in which the r bond has been pushed 
over. We then complete the resonance structure by 
assigning any formal charges. Notice that both 
resonance structures show a positive charge, but in 
different locations: 


or mes 


(b) The curved arrows indicate that we should draw a 
resonance structure in which the lone pair has been 
pushed to become a zm bond, and the m bond has been 
pushed to become a lone pair. We then complete the 
resonance structure by assigning any formal charges. 
Notice that both resonance structures show a negative 
charge, but in different locations: 


ays <> ONS 


(c) The curved arrows indicate that we should draw a 
resonance structure in which a lone pair has been pushed 
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to become a x bond, and the z bond has been pushed to 
become a lone pair. We then complete the resonance 
structure by assigning any formal charges. Notice that 
both resonance structures have zero net charge: 


oo ae 
p <> Ag 


(d) The curved arrows indicate that we should draw a 
resonance structure in which a lone pair has been pushed 
to become a m bond, and the z bond has been pushed to 
become a lone pair. We then complete the resonance 
structure by assigning any formal charges. Notice that 
both resonance structures show a negative charge, but in 
different locations: 


aim re 
A, «+ AL 


(e) The curved arrows indicate that we should draw the 
following resonance structure. Notice that both 
resonance structures have zero net charge: 


OH 


ITU 


(£) The curved arrows indicate that we should draw the 
following resonance structure. Notice that both 
resonance structures have zero net charge: 


cÖH 


e0 Q.. 20 
O : : 


Te OOQ: 
ep. 
È = 
© 


(g) The curved arrows indicate that we should draw a 
resonance structure in which a lone pair has been pushed 
to become a x bond, and a x bond has been pushed to 
become a lone pair. We then complete the resonance 
structure by assigning any formal charges. Notice that 
both resonance structures have zero net charge, but they 
differ in the location of the negative charge: 


Leri: 0.00: 


2 
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(h) The curved arrows indicate that we should draw the 
following resonance structure. Notice that both 
resonance structures have zero net charge: 


oo So: 
din — he 


2.16. 
(a) One curved arrow is required, showing the m bond 
being pushed to become a lone pair: 


AAC) 
10: 


(b) Two curved arrows are required. One curved arrow 
shows the carbon-carbon m bond being pushed up, and 
the other curved arrow shows the carbon-oxygen m bond 
becoming a lone pair: 


“Ox, 


“O° Š O 9 
> 0: 


© 


(c) Two curved arrows are required. One curved arrow 
shows a lone pair from the nitrogen atom becoming a m 
bond, and the other curved arrow shows the carbon- 
oxygen n bond becoming a lone pair: 


io ‘OF 
Ze iá Ay 


© 


(d) One curved arrow is required, showing the z bond 
being pushed over: 


B o 


2.17. 

(a) Notice that there are two formal charges (positive and 
negative), but the positive charge is in the same locationi 
n all three resonance structures. Only the negative 
charge is spread out (over three locations). Two curved 
arrows are required to convert from resonance structure 
2a to resonance structure 2b. One arrow shows that the 
lone pair on carbon can become a new carbon-nitrogen 7 
bond while the other arrow shows that the electrons in 
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the original carbon-nitrogen m bond can become a lone 


pair on a different carbon atom. 
SJA sy Chg 


SAN we OCH; 
a 
N .O. 
2a 2b 


H3C 


(b) Two curved arrows are required to convert resonance 
structure 2a to resonance structure 2c. One arrow shows 
that the lone pair on carbon can become a carbon-carbon 
mt bond while the other arrow shows that the electrons in 
the carbon-oxygen m bond can become a third lone pair 


on oxygen. 
H 
H3C 5 
© OCH 
Anr 3 
\ 
H3C H 20: 
© 


JA Pen 


2a 2c 


2.18. 

(a) This pattern (lone pair next to a m bond) has two 
curved arrows. The first curved arrow is drawn showing 
a lone pair becoming a m bond, while the second curved 
arrow shows a tt bond becoming a lone pair: 


ag Nats 
O: O: 


(b) This pattern (lone pair next to a m bond) has two 
curved arrows. The first curved arrow is drawn showing 
a lone pair becoming a m bond, while the second curved 
arrow shows a n bond becoming a lone pair: 


ç% 


-= Q, 


(c) This pattern (lone pair next to a m bond) has two 
curved arrows. The first curved arrow is drawn showing 
a lone pair becoming a x bond, while the second curved 
arrow shows a tt bond becoming a lone pair: 


Xe) 
O: O: 


(d) This pattern (lone pair next to a m bond) has two 
curved arrows. The first curved arrow is drawn showing 
a lone pair becoming a n bond, while the second curved 
arrow shows a mt bond becoming a lone pair: 


“A ay 


(e) This pattern (lone pair next to a m bond) has two 
curved arrows. The first curved arrow is drawn showing 
a lone pair becoming a m bond, while the second curved 
arrow shows a m bond becoming a lone pair: 


Shoe 26 920: 
we = k 


(£) This pattern (lone pair next to a n bond) has two 
curved arrows. The first curved arrow is drawn showing 
a lone pair becoming a m bond, while the second curved 
arrow shows a 7 bond becoming a lone pair: 


+O ne 
O: ek 


(g) This pattern (lone pair next to a n bond) has two 
curved arrows. The first curved arrow is drawn showing 
a lone pair becoming a n bond, while the second curved 
arrow shows a m bond becoming a lone pair: 


L © 


(h) This pattern (lone pair next to a m bond) has two 
curved arrows. The first curved arrow is drawn showing 
a lone pair becoming a n bond, while the second curved 
arrow shows a m bond becoming a lone pair: 


“O° 


Z 
HoN OH 
wer 
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2.19. 
(a) This pattern has just one curved arrow, showing the 1 
bond being pushed over: 


(b) This pattern has just one curved arrow, showing the m 
bond being pushed over: 


OTC 


(c) This pattern has just one curved arrow, showing the 2 
bond being pushed over. But when we draw the 
resulting resonance structure, we find that the same 
pattern can be applied again, giving another resonance 
structure, as shown: 


S-P-O 


(d) This pattern has just one curved arrow, showing the m 
bond being pushed over. But when we draw the 
resulting resonance structure, we find that the same 
pattern can be applied again, giving another resonance 
structure. This process continues several more times, 
and we can see that the positive charge is spread (via 
resonance) over all seven carbon atoms of the ring: 


© 


Qo «> 


© 
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2.20. 
(a) This pattern has just one curved arrow, showing the 
lone pair becoming a m bond: 


| lo 
~~ mo AN” ANS 


(b) This pattern has just one curved arrow, showing the 
lone pair becoming a m bond: 


o.. wA 
cÑ _, N 
ae ae 


(c) This pattern has just one curved arrow, showing the 
lone pair becoming a x bond: 


87 © oN 
CF CT 
2.21. 


(a) This pattern has just one curved arrow, showing the m 
bond becoming a lone pair: 


. O.. 
a NO 


N 
Z 
=] 
(b) This pattern has just one curved arrow, showing the m 
bond becoming a lone pair: 


(c) This pattern has just one curved arrow, showing the m 
bond becoming a lone pair: 


“O° 


Z 
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2.22. This pattern has just one curved arrow, showing the 
mt bond becoming a lone pair: 


2.23. This pattern has just one curved arrow, showing 
the bond becoming a lone pair: 


2.24. This pattern has three curved arrows, showing the 
mt bonds moving in a circle. 


HO OH 
HoN eS 
HO OH | 
HN 
2.25. 


(a) We begin by looking for the five patterns. In this 
case, there is a C=O bond (a x bond between two atoms 
of differing electronegativity), so we draw one curved 
arrow showing the mz bond becoming a lone pair. We 
then draw the resulting resonance structure and assess 
whether it exhibits one of the five patterns. In this case, 
there is an allylic positive charge, so we draw the curved 
arrow associated with that pattern (pushing over the m 
bond), shown here: 


ae -O -0 
7O" 10: 3O; 


(b) The positive charge occupies an allylic position, so 
we draw the one curved arrow associated with that 
pattern (pushing over the m bond). The positive charge 
in the resulting resonance structure is again next to 
another = bond, so we draw one curved arrow and 
another resonance structure, as shown here: 


aE 


oS oes 


| 


ee 


(c) The lone pair (associated with the negative charge) 
occupies an allylic position, so we draw the two curved 
arrows associated with that pattern. The first curved 
arrow is drawn showing a lone pair becoming a m bond, 
while the second curved arrow shows a z bond becoming 
a lone pair: 


oO ee a 


(d) We begin by looking for one of the five patterns that 
employs just one curved arrow (in this case, there is 
another pattern that requires two curved arrows, but we 
will start with the pattern using just one curved arrow). 
There is a C=O bond (a x bond between two atoms of 
differing electronegativity), so we draw one curved 
arrow showing the n bond becoming a lone pair. We 
then draw the resulting resonance structure and assess 
whether it exhibits one of the five patterns. In this case, 
there is a lone pair adjacent to a positive charge, so we 
draw the curved arrow associated with that pattern 
(showing the lone pair becoming a n bond), shown here: 


“O° 


0 0 
ʻO: :0: 
Ae Shor TAg 


(e) This structure exhibits a lone pair that is adjacent to a 
positive charge, so we draw one curved arrow, showing a 
lone pair becoming a m bond: 


IA 


(£) This compound exhibits a C=O bond (a a bond 
between two atoms of differing electronegativity), so we 
draw one curved arrow showing the z bond becoming a 
lone pair. We then draw the resulting resonance 
structure and assess whether it exhibits one of the five 
patterns. In this case, there is an allylic positive charge, 
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so we draw the curved arrow associated with that pattern (i) We begin by looking for one of the five patterns that 
(pushing over the m bond). The positive charge in the employs just one curved arrow (in this case, there is 
resulting resonance structure is next to another r bond, another pattern that requires two curved arrows, but we 
so we draw one more resonance structure, as shown here: will start with the pattern using just one curved arrow). 


There is a C=O bond (a x bond between two atoms of 
differing electronegativity), so we draw one curved 
arrow showing the a bond becoming a lone pair. We 


. 0 
oo 10: 
then draw the resulting resonance structure and assess 
whether it exhibits one of the five patterns. In this case, 
A there is a lone pair adjacent to a positive charge, so we 
draw the curved arrow associated with that pattern 


(showing the lone pair becoming a n bond), shown here: 


Sn 


©] 
26 „O i a 
:O: 20: =< ~,>- G <—— 
AR p A.o 
Q @`o: Q: 
© 
(j) We begin by looking for one of the five patterns that 
© 


employs just one curved arrow (in this case, there is 
another pattern that requires two curved arrows, but we 
will start with the pattern using just one curved arrow). 
There is a C=O bond (a n bond between two atoms of 
differing electronegativity), so we draw one curved 
arrow showing the = bond becoming a lone pair. We 
then draw the resulting resonance structure and assess 

Sn pa ~R whether it exhibits one of the five patterns. In this case, 
Gi there is a lone pair adjacent to a positive charge, so we 
oy oe <—> ro we draw the curved arrow associated with that pattern 


(showing the lone pair becoming a n bond), shown here: 


(g) This structure exhibits a lone pair that is adjacent to 
a positive charge, so we draw one curved arrow, showing 
a lone pair becoming a 7 bond: 


(h) This compound exhibits a C=N bond (a n bond an 4 o : aF 

between two atoms of differing electronegativity), so we g a 

draw one curved arrow showing the z bond becoming a n n © 

l -s Cl: Ce Cl: 

one pair: = 
O 


ASN S a— r a 


2.26. 

(a) Using the skills developed in the previous SkillBuilders, we begin by drawing all significant resonance structures, 
shown below. None of the four structures have an atom with an incomplete octet, so they are all expected to be major 
contributors to the hybrid. The first resonance structure is the largest contributor because it has filled octets and the 
negative charge is on the more electronegative nitrogen atom. The other three resonance structures are approximately 
equivalent and they are less significant than the first structure because the negative charge is on the less electronegative 
carbon atom. 


CO: oe .. oe 
‘NH NH NH NH 
q 


CGC 3 
Most important eX Iaa 
contributor (#1) 


Equivalent and less important (#2) 
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(b) Using the skills developed in the previous SkillBuilders, we begin by drawing all significant resonance structures, 
shown below. Both resonance structures have filled octets and a negative charge on an oxygen atom. Both resonance 
structures are equivalent and equally significant. 


Equivalent and major 


(c) Using the skills developed in the previous SkillBuilders, we begin by drawing all significant resonance structures, 
shown below. None of the three structures has an atom with an incomplete octet. The first resonance structure is the 
largest contributor because it has filled octets and no formal charges. The other two resonance structures are equivalent 
and less significant contributors because they contain formal charges. 


ILNI 
PAN > FOS NGS 


Most important 


contributor (#1) Equivalent and less important (#2) 


(d) Using the skills developed in the previous SkillBuilders, we begin by drawing all significant resonance structures, 
shown below. The first resonance structure is the only major contributor because it is the only one with filled octets. 
Recall that a structure with filled octets and no formal charges is an ideal Lewis structure. The other three resonance 
structures are approximately equivalent and minor contributors because each one is missing an octet (they also have 
formal charges, but that is a less significant feature to consider when ranking resonance forms). 


:0: O Z :0:° O 9 
RAZ @ AZ CAL Poe. 
Major 


Equivalent and minor contributors 


(e) Using the skills developed in the previous SkillBuilders, we begin by drawing all significant resonance structures, 
shown below. Neither resonance structure has an incomplete octet so they are both expected to be major contributors 
to the hybrid. The second resonance structure is the more significant contributor because it has the negative charge on 
the more electronegative nitrogen atom. The first resonance structure is less significant because the negative charge is 
on the less electronegative carbon atom. 


Sy A © 
CH3-CH-C=N: ~<——> CH3-CH=C=N: 
Less important More important 
contributor (#2) contributor (#1) 


(f) This cation has two different resonance patterns that can be employed, using the lone pair or the x bond to fill the 
vacancy on carbon, giving a total of three resonance structures. The middle resonance structure is the only major 
contributor because it is the only one with filled octets. The other two structures are equivalent (missing one octet and 
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positive charge on carbon atom). They are minor and contribute equally to the hybrid. Note that the location of the 
charge (C* vs. N*) is not as important in this problem, because filled octets are more important. 
i i a 
Nv ®n> N 
© > | 
<=> <=> 
Z z CI 
© J 
Minor Major Minor 
contributor contributor contributor 


2.27. When looking for resonance in the first structure, we can begin with the carbonyl (C=0) group by relocating the 
m bond electrons to the more electronegative oxygen atom. This provides a resonance structure with an allylic C+ that 
can undergo allylic resonance throughout the ring, resulting in three more resonance structures. Be careful to use just 
one T bond at a time so you don’t accidentally “jump” over a possible resonance structure. 


IA :0:9 :6:° :0:° 6:2 
© 


For the second compound, the allylic lone pair can be delocalized using one of the m bonds in the benzene ring, and this 
pattern can continue to use the remaining m bonds in the ring (again, one at a time!). 


OH OH Cn OH AS 20H 

LS) © ® © 

e = a = = or cad Cy 
ONKO © 


Overall, when we consider the contributions made by all resonance structures, we find that the ring in the first 
compound is electron-poor, with several electron-deficient sites on the ring, and the ring in the second compound is 
electron-rich, with several 5— sites on the ring. 


(®) Šk 
6+ o- 
ae OH 
8+ + IO 


Electron-poor Electron-rich 
benzene ring benzene ring 


2.28. The benzene ring on the left has two oxygen atoms attached. Both oxygen atoms can donate electron density via 
allylic lone pair resonance, making this benzene ring electron-rich. 


[ Electron- Electron- 
OMe rich ring rich ring 
o o > HAE a 
: % VE 
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The benzene ring on the right is “connected” to the carbonyl (C=O) groups by a series of alternating m bonds, so the 
resonance of each carbonyl group extends into the benzene ring. The carbonyl groups withdraw electron density via 
allylic carbocation resonance, making this ring electron-deficient. 


Se oe A _09 


<>, | 


A oe R Å oe A oe 
| | | 
wee) <> § ZA a a ANAN 

O OH EI OH 


lectron- Electron- 
O OH 
deficient Q deficient 
ring ring 


In summary, the benzene ring on the left is electron-rich due to resonance with the lone pairs of electrons on both 
attached oxygen atoms. The benzene ring on the left is electron-poor due to resonance with the carbonyl groups. 


5- OMe 
x aio 
MeO 
O OH 
Electron-rich ring Electron-deficient ring 
2.29. A. 
(a) Begin by drawing all significant resonance structures. õ- ô- 
In this case, there are two: Resonance hybrid 
(c) Begin by drawing all significant resonance structures. 
Q In this case, there are two: 
Dz H 7 o7 H 

Both resonance structures are equally significant, so the pua < pa 
resonance hybrid is the simple average of these two © 


resonance structures. There are no formal charges, so 


only partial bonds need to be drawn. The left-hand structure is more significant because every 


atom has an octet. The resonance hybrid is a weighted 


average of these two resonance structures in which the 
oxygen atom has more of the charge than the carbon 
atom. 

Resonance hybrid 3+__H 


(b) Begin by drawing all significant resonance structures. 
In this case, there are two: 


of 


Resonance hybrid 


Pra <= US | (d) Begin by drawing all significant resonance structures. 
y © 9 In this case, there are two: 
Both are equally significant, so the resonance hybrid is i [Se O.. S 
z :O0_@ VO: :0. 0,0: 
the simple average of these two resonance structures. ANN “SNA 
Both partial bonds and partial charges are required, as es r J 
shown: 
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Both are equally significant, so the resonance hybrid is 
the simple average of these two resonance structures. 
Only the negative charge is delocalized, so partial 
charges are used for the negative charge but not for the 
positive charge. 
3- 3- 
O..8.0 
N 


SA 


a 


Resonance hybrid 


(e) Begin by drawing all significant resonance structures. 
In this case, there are two: 


ole m Ae- 
| 


The structure on the right is more significant because 
every atom has an octet. The resonance hybrid is a 
weighted average of these two resonance structures in 
which the nitrogen atom has more of the charge than the 


carbon atom. 
pN Pie 
hy 


ha 
Resonance hybrid 


(f) Begin by drawing all significant resonance structures. 
In this case, there are two: 


The structure on the left is more significant because 
every atom has an octet and it has no formal charges. 
The resonance hybrid is a weighted average of these two 
resonance structures, although we do not denote that by 
making the partial charges different sizes. In this 
example, the charges are opposite in sign, but they must 
be equal in magnitude so that the overall charge will be 
Zero. 
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5- 
O 


Resonance hybrid 


(g) Begin by drawing all significant resonance structures. 
In this case, there are three: 


O77 


All three resonance structures are equally significant, so 
the resonance hybrid is the simple average of these three 
resonance structures, illustrating that the positive charge 
is delocalized over three carbon atoms. 


ot 
ot 


ô+ 
Resonance hybrid 


(h) Begin by drawing all significant resonance structures. 
In this case, there are three: 


ti -0 -0 
70° 20: :0: 


The structure on the left is most significant because 
every atom has an octet and it has no formal charge. The 
resonance hybrid is a weighted average of these three 
resonance structures. Since the partial positive charge is 
delocalized over two carbon atoms and the partial 
negative charge is localized on only one oxygen atom, 
the partial negative charge is drawn larger than each of 
the individual partial positive charges. 


5- 
Q 


Resonance hybrid 


2.30. Begin by drawing all significant resonance structures. In this case, there are four: 


ee a 
H ae HM, 7 


“NG N «> N N< 


zi b 


R 
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The first three resonance structures are the most significant, because all atoms have an octet in each of these three 
resonance structures. The fourth resonance structure (in which the carbon atom bears the positive charge) is the least 
significant because a carbon atom lacks an octet. If we compare the three most significant resonance structures, each 
has a positive charge on a nitrogen atom, so we expect these three resonance structures to contribute roughly equally to 
the resonance hybrid. To show this, we indicate + at all three positions, with a smaller 6+ symbol at the central 
carbon atom (indicating the lower contribution of the fourth resonance structure). Also, if we compare the first three 
resonance structures, we find that the x bond is spread over three locations, and these locations are indicated with 
dashed lines in the resonance hybrid: 


5+ 
NH2 
a+ 
H- NN - H 
b+ \__ ( ot 
R 
2.31. (c) The lone pair on this nitrogen atom is participating 


(a) Let’s begin with the nitrogen atom on the left side of 
the structure. The lone pair on this nitrogen atom is 
delocalized by resonance (because it is next to a n bond). 
Therefore, this lone pair occupies a p orbital, which 
means that the nitrogen atom is sp? hybridized. As a 
result, the geometry is trigonal planar. 

On the right side of the structure, there is a nitrogen atom 
with a localized lone pair (it does not participate in 
resonance). This nitrogen atom is therefore sp? 
hybridized, with trigonal pyramidal geometry, just as 
expected for a nitrogen atom with o sigma bonds and a 
localized lone pair. 


H 
„& Na" 
I N 
delocalized localized 
sp? hybridized sp? hybridized 


trigonal planar trigonal pyramidal 

(b) As we saw with pyridine, the lone pair on this 
nitrogen atom is not participating in resonance, because 
the nitrogen atom is already using a p orbital for the r 
bond. As a result, the lone pair cannot join in the conduit 
of overlapping p orbitals, and therefore, it cannot 
participate in resonance. In this case, the lone pair 
occupies an sp? hybridized orbital, which is in the plane 
of the ring. Since this lone pair is not participating in 
resonance, it is localized. The nitrogen atom is sp* 
hybridized, and the geometry is bent. 


S 


Za 
N 
localized 
sp” hybridized 
bent 


in resonance (it is next to a m bond), so it is delocalized 
via resonance. As such, the nitrogen atom is sp? 
hybridized, with trigonal planar geometry. 


lA 


N 
I 
H 


delocalized 
sp? hybridized 
trigonal planar 


2.32. Each of these lone pairs is not participating in 
resonance. So each of these lone pairs is localized. 
Therefore, both lone pairs are expected to be reactive. 


2.33. Lone pairs that participate in resonance are 
delocalized, while those that do not participate in 
resonance are localized: 


localized 
(not participating in resonance) 


/ 


localized 
(not participating in resonance) 


“O° 
NH 
Or ~ 
I 
N Uz H SQ 
delocalized 
(participating in resonance) 
localized 


(not participating in resonance) 


2.34. 

(a) Each corner and each endpoint represents a carbon 
atom (highlighted), so this compound has nine carbon 
atoms. Each carbon atom will have enough hydrogen 
atoms to have exactly four bonds, as shown. Each of the 
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oxygen atoms has two bonds and no formal charge, so 
each oxygen atom will have two lone pairs. 
Ox OH 


O OH 


< 
I 
QQ 
\ / 
O0 
/ 
O0=0 


(b) Each corner and each endpoint represents a carbon 
atom (highlighted below), so this compound has eight 
carbon atoms. Each carbon atom will have enough 
hydrogen atoms to have exactly four bonds, as shown. 
Each of the oxygen atoms has two bonds and no formal 
charge, so each oxygen atom will have two lone pairs. 
The nitrogen atom has three bonds and no formal charge, 
so it must have one lone pair of electrons. 


H H H H H 
| l | \/ 
= | I 
O v6 C -O. 
HO HO~ Ba Sy ena 
H 


(c) Each corner and each endpoint represents a carbon 
atom (highlighted below), so this compound has eight 
carbon atoms. Each carbon atom will have enough 
hydrogen atoms to have exactly four bonds, as shown. 
Each of the oxygen atoms has two bonds and no formal 
charge, so each oxygen atom will have two lone pairs. 
Each nitrogen atom has three bonds and no formal 
charge, so each nitrogen atom must have one lone pair of 
electrons. 


fe) o M 
=H 
/ Lo I a 
A N G 


2.35. The molecular formula indicates that there are four 
carbon atoms. Recall that constitutional isomers are 
compounds that share the same molecular formula, but 
differ in constitution (the connectivity of atoms). So we 
are looking for different ways that four carbon atoms can 
be connected together. As described in the solution to 
Problem 1.1b, the carbon atoms can be connected in a 
linear fashion (below left), or they can be connected with 
a branch (below right). 


C4H10 C4H10 
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These two compounds are the only constitutional 
isomers that have the molecular formula C4H10, because 
there are no other ways to connect four carbon atoms 
without changing the number of hydrogen atoms. For 
example, if we try to connect the carbon atoms into a 
ring, we find that the number of hydrogen atoms is 


reduced: 
p= = 


CaHs C4Hs 


2.36. As described in the solution to Problem 1.1c, there 
are only three constitutional isomers with the molecular 
formula CsH12, shown here again. 


Pee 


There are no other constitutional isomers with the 
molecular formula CsHi2. The following two structures 
do NOT represent constitutional isomers, but are in fact 
two drawings of the same compound, as can be seen 
when the carbon skeletons are numbered, as shown: 


AN. 


Notice that in both drawings, the longest linear chain is 
four carbon atoms, and there is a CH3 group attached to 
the second carbon atom of the chain. As such, these two 
drawings represent the same compound. In contrast, we 
can see that all three constitutional isomers with the 
molecular formula CsHi2 exhibit different connectivity 
of the carbon atoms: 


2.37. In each of the following structures, each corner and 
endpoint represents a carbon atom. Hydrogen atoms are 
only drawn if they are connected to heteroatoms (such as 


oxygen). 


SWART RR SR 
Vitamin A 


OH 


HO 


HO 


Vitamin C 
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2.38. Each oxygen atom has two bonds and no formal 
charge. Therefore, each oxygen atom has two lone pairs, 
for a total of twelve lone pairs. 


HO: :OH 


2.39. Carbon is in group 4A of the periodic table, and it 
should therefore have four valence electrons. We are 
told that, in this case, the central carbon atom does not 
bear a formal charge. 


IN 


Therefore, it must exhibit the appropriate number of 
valence electrons (four). This carbon atom already has 
two bonds (each of which requires one valence electron) 
and a lone pair (which represents two electrons), for a 
total of 1+1+2=4 valence electrons. This is the 
appropriate number of valence electrons, which means 
that this carbon atom does not have any bonds to 
hydrogen. 

Notice that the carbon atom lacks an octet, so it should 
not be surprising that this structure is highly reactive and 
very short-lived. 


2.40. An oxygen atom will bear a negative charge if it 
has one bond and three lone pairs, and it will bear a 
positive charge if it has three bonds and one lone pair 
(see Table 2.2). A nitrogen atom will bear a negative 
charge if it has two bonds and two lone pairs, and it will 
bear a positive charge if it has four bonds and no lone 
pairs (see Table 2.3). 


OF a E 
P O os 2s 
@ sz 


2.41. This compound exhibits a C=O bond (a n bond 
between two atoms of differing electronegativity), so we 
draw one curved arrow showing the z bond becoming a 
lone pair. We then draw the resulting resonance 
structure and assess whether it exhibits one of the five 
patterns. In this case, there is an allylic positive charge, 
so we draw the curved arrow associated with that pattern 
(pushing over the z bond). This pattern continues, many 
more times, spreading the positive charge over many 
locations, as shown here: 


IN Ae ©) 
O O: © O 
=> => 
© | 0 
O O 
=P 
© 
= © — 


2.42. Recall that constitutional isomers are compounds 
that share the same molecular formula, but differ in 
constitution (the connectivity of atoms). The problem 
statement shows a compound with the molecular formula 


CsHi2 and the following structure: 


So we are looking for other compounds that also have 
the molecular formula CsHi2 but show a different 
connectivity of atoms. As seen in the solution to 
Problem 2.36, there are only two such compounds: 


X, 


CH;CHCH(CH; = 


ANAN 


2.43. The following two compounds are constitutional 
isomers because they share the same molecular formula 
(CsH120). The third compound (not shown here) has a 
different molecular formula (C4H100). 


(CHa)aCOCH;,  (CH3)2CHÖCH2CH; 


2.44. Begin by drawing a Lewis structure, so that the 
bonding of each carbon atom is shown more clearly: 


H H 
\/ 
H—C H H 
Ya IH 
(CH3)2C=CHC(CH3)3 ETS eo 
Condensed structure H -A ree 
H Hoe \ H 
H IDH H 


H 
Lewis structure 


Notice that two of the carbon atoms are sharing a double 
bond. These two atoms are sp’ hybridized. Each of the 
other six carbon atoms exhibits four single bonds, and as 
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such, each of these six carbon atoms (highlighted) is sp? 
hybridized. 


2.45. One of the oxygen atoms has two bonds and no 
formal charge, so that oxygen atom must have two lone 
pairs (see Table 2.2). The other oxygen atom has one 
bond and a negative charge, so that oxygen atom must 
have three lone pairs. The nitrogen atom has four bonds 
and a positive charge, so it does not have any lone pairs 
(see Table 2.3). Therefore, there are a total of five lone 
pairs in this structure. 


2.46. 

(a) In order for the lone pair to participate in resonance, 
it must occupy a p orbital, which would render the 
nitrogen atom sp hybridizxed. With sp hybridization, the 
geometry of the nitrogen atom should be linear, which 
cannot be accommodated in a six-membered ring. 


Cy 


(b) There is a lone pair associated with the negative 
charge, and this lone pair is delocalized via resonance 
(the lone pair is allylic): 


q pe 


=<, <> etc. 


As such, the lone pair must occupy a p orbital. 
(c) The nitrogen atom has a lone pair, which is 


delocalized via resonance (there is an adjacent positive 
charge): 


As such, the lone pair must occupy a p orbital. 
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2.47. 

(a) This structure exhibits a lone pair that is adjacent to a 
positive charge. In fact, there are two such lone pairs (on 
the nitrogen and oxygen atoms). We will begin with a 
lone pair on the oxygen atom, although we would have 
arrived at the same solution either way (we will draw a 
total of three resonance structures, below, and it is just a 
matter of the order in which we draw them). We draw 
one curved arrow, showing a lone pair on the oxygen 
atom becoming a m bond. We then draw the resulting 
resonance structure and assess whether it exhibits one of 
the five patterns. In this case, there is a lone pair next to 
a n bond, so we draw the two curved arrows associated 
with that pattern. The first curved arrow is drawn 
showing a lone pair on the nitrogen atom becoming a 7 
bond, while the second curved arrow shows a m bond 
becoming a lone pair on the oxygen atom: 


CoH 


..H p 
@O~N N N 


(b) This structure exhibits an allylic positive charge, so 
we draw one curved arrow showing the n bond being 
pushed over. We then draw the resulting resonance 
structure and assess whether it exhibits one of the five 
patterns. In this case, the positive charge is adjacent to a 
lone pair, so we draw the curved arrow associated with 
that pattern (the lone pair is shown becoming a z bond): 


© 
Be = AS 
Po "a 
x ~op 


(c) This structure exhibits an allylic positive charge, so 
we draw one curved arrow showing the n bond being 
pushed over. We then draw the resulting resonance 
structure and assess whether it exhibits one of the five 
patterns. In this case, the positive charge is again next to 
a m bond, so again, we draw the curved arrow associated 
with that pattern (pushing over the m bond again). The 
resulting resonance structure has the positive charge next 
to yet another a bond, so we draw a curved arrow 
showing the z bond being pushed over one more time to 
give our final resonance structure: 
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CY Gry 


2.48. 
(a) In a condensed structure, single bonds are not 
drawn. Instead, groups of atoms are clustered together, 


as shown here: 


(CH3)3CCHz2CH2CH(CHs3)z2 


(b) In a condensed structure, single bonds are not 
drawn. Instead, groups of atoms are clustered together, 


as shown here: 
Pow OH 


(CH3)2CHCH2CH2CH20H 


(c) In a condensed structure, single bonds are not 
drawn. Instead, groups of atoms are clustered together, 


as shown here: 


CH3CH2CH=C(CH2CH3)2 


2.49. 

(a) Each corner and each endpoint represents a carbon 
atom, so this compound has nine carbon atoms. Each 
carbon atom will have enough hydrogen atoms to have 
exactly four bonds, giving a total of twenty hydrogen 
atoms. So the molecular formula is CoH20. 


CgH20 


(b) Each corner and each endpoint represents a carbon 
atom, so this compound has six carbon atoms. Each 
carbon atom will have enough hydrogen atoms to have 


exactly four bonds, giving a total of fourteen hydrogen 
atoms. So the molecular formula is CoH140. 


A n oon 


CgH140 


(c) Each corner and each endpoint represents a carbon 
atom, so this compound has eight carbon atoms. Each 
carbon atom will have enough hydrogen atoms to have 
exactly four bonds, giving a total of sixteen hydrogen 
atoms. So the molecular formula is CsH16. 


CgHig 


2.50. Each corner and each endpoint represents a carbon 
atom, so this compound has fifteen carbon atoms. Each 
carbon atom will have enough hydrogen atoms to have 
exactly four bonds, giving a total of eighteen hydrogen 
atoms, as shown here: 


CrsHig 


2.51. As seen in the solution to Problem 2.35, there are 
only two ways to connect four carbon atoms in a 
compound with the molecular formula C4H10: 


A es 


linear branched 

In our case, the molecular formula is C4HoCl, which is 
similar to C4Hio, but one H has been replaced with a 
chlorine atom. So, we must explore all of the different 
locations where a chlorine atom can be placed on each of 
the carbon skeletons above (the linear skeleton and the 
branched skeleton). 

Let’s begin with the linear skeleton. There are two 
distinctly different locations where a chlorine atom can 
be placed on this skeleton: either at position 1 or 
position 2, shown here. 


1 3 
7 
al 2 4 
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Placing the chlorine atom at position 3 would be the 
same as placing it at position 2; and placing the chlorine 
atom at position 4 would be the same as it as position 1: 


Cl 
ores 
acorns EN 


Next, we move on to the other carbon skeleton, 
containing a branch. Once again, there are two distinctly 
different locations where a chlorine atom can be placed: 
either at position 1 or position 2, shown here. 


2 2 
1 3 1 3 
Cl 
Cl 


Placing the chlorine atom on any of the peripheral 
carbon atoms will lead to the same compound: 


DAS. 


In summary, there are a total of four constitutional 
isomers with the molecular formula C4HoCl: 


kA 


2.52. 

(a) This compound exhibits a lone pair next to a n bond, 
so we draw the two curved arrows associated with that 
pattern. The first curved arrow is drawn showing a lone 
pair becoming a n bond, while the second curved arrow 
shows a m bond becoming a lone pair: 


KON 26 


k — Ce 


(b) This structure exhibits a lone pair that is adjacent to a 
positive charge, so we draw one curved arrow, showing a 
lone pair becoming a n bond: 


Fö 
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(c) This structure exhibits an allylic positive charge, so 
we draw one curved arrow showing the n bond being 
pushed over. 


CeO 


(d) This compound exhibits a C=N bond (a n bond 
between two atoms of differing electronegativity), so we 
draw one curved arrow showing the z bond becoming a 
lone pair. 


® 
ZF ae RS 


(e) This compound exhibits a lone pair next to a x bond, 
so we draw two curved arrows. The first curved arrow is 
drawn showing a lone pair becoming a z bond, while the 
second curved arrow shows a 7 bond becoming a lone 
pair. We then draw the resulting resonance structure and 
assess whether it exhibits one of the five patterns. In this 
case, the lone pair is now next to another n bond, so once 
again, we draw the two curved arrows associated with 
that pattern. The resulting resonance structure again 
exhibits a lone pair next to a a bond. This pattern 
continues again, thereby spreading a negative charge 
over many locations, as shown here: 


H, H H_®_H H ®© H 
N N 


Q 
Date 


(£) This structure exhibits a lone pair next to a m bond, 
so we draw two curved arrows. The first curved arrow is 
drawn showing a lone pair becoming a x bond, while the 
second curved arrow shows a mz bond becoming a lone 
pair. We then draw the resulting resonance structure and 
assess whether it exhibits one of the five patterns. In this 
case, the lone pair is now next to another n bond, so once 
again, we draw the two curved arrows associated with 
that pattern. The resulting resonance structure again 
exhibits a lone pair next to a m bond, so we draw one 
more resonance structure, as shown here: 
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(g) This compound exhibits a C=O bond (a n bond 
between two atoms of differing electronegativity), so we 
draw one curved arrow showing the n bond becoming a 
lone pair. We then draw the resulting resonance 
structure and assess whether it exhibits one of the five 
patterns. In this case, there is an allylic positive charge, 
so we draw the curved arrow associated with that pattern 
(pushing over the x bond). This pattern continues, many 
more times, spreading the positive charge over many 
locations, as shown here: 


<—— || | č ~— 


o. | 


[ © ©. 
Rod) i (0) 


č 
K£ “6 
eae 


N 


x 
com 
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=> 


(h) We begin by looking for one of the five patterns that 
employs just one curved arrow (in this case, there is 
another pattern that requires two curved arrows, but we 
will start with the pattern using just one curved arrow). 
There is a C=O bond (a mz bond between two atoms of 
differing electronegativity), so we draw one curved 
arrow showing the z bond becoming a lone pair. We 
then draw the resulting resonance structure and assess 
whether it exhibits one of the five patterns. In this case, 
there is a lone pair adjacent to a positive charge, so we 
draw the curved arrow associated with that pattern 
(showing the lone pair becoming a m bond), shown here: 


fon wF oF 
€ 
Oy) @ 
ò. 1—> ò. —> Xo: 


(i) This structure exhibits an allylic positive charge, so 
we draw one curved arrow showing the n bond being 
pushed over. We then draw the resulting resonance 
structure and assess whether it exhibits one of the five 
patterns. In this case, the positive charge is again next to 
a 1 bond, so again, we draw the curved arrow associated 
with that pattern (pushing over the m bond). The 
resulting resonance structure has a positive charge 
adjacent to a lone pair, so we draw the one curved arrow 
associated with that pattern (showing the lone pair 
becoming a n bond), shown here: 


xO wis: oh Bie 
Soe OH WS Az OH 


<> (©) ral 
AAAS, Eee 


(j) This structure exhibits an allylic positive charge, so 
we draw one curved arrow showing the n bond being 
pushed over. We then draw the resulting resonance 
structure and assess whether it exhibits one of the five 
patterns. In this case, the positive charge is again next to 
a m bond, so again, we draw the curved arrow associated 
with that pattern (pushing over the a bond). The 
resulting resonance structure again has a positive charge 
next to a = bond, so again, we draw the curved arrow 
associated with that pattern (pushing over the m bond). 
The resulting resonance structure has a positive charge 
adjacent to a lone pair, so we draw the one curved arrow 
associated with that pattern (showing the lone pair 
becoming a n bond), shown here. 


o ig: 


2.53. These structures do not differ in their connectivity 
of atoms. They differ only in the placement of electrons. 
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Therefore, these structures are resonance structures, as 
shown here: 


m S) . 
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2.54. 

(a) These compounds both have the same molecular 
formula (C7H12), but they differ in their connectivity of 
atoms, or constitution. Therefore, they are constitutional 
isomers. 

(b) These structures have the same molecular formula 
(C7His), AND they have the same constitution 
(connectivity of atoms), so they represent the same 
compound. 

(c) The first compound has the molecular formula CsHio, 
while the second compound has the molecular formula 
CsHs. As such, they are different compounds that are not 
isomeric. 

(d) These compounds both have the same molecular 
formula (CsHs), but they differ in their connectivity of 
atoms, or constitution. Therefore, they are constitutional 
isomers. 


2.55. 

(a) The condensed structure (shown in the problem 
statement) indicates the constitution (how the atoms are 
connected to each other). In the bond-line structure, 
hydrogen atoms are not drawn (they are implied). Each 
corner and each endpoint represents a carbon atom, so 
the carbon skeleton is shown more clearly. 


~X 


Bond-line structure 


CH2=CHCH2C(CH3)3 
Condensed structure 


(b) The condensed structure indicates how the atoms are 
connected to each other. In the bond-line structure, 
hydrogen atoms are not drawn (they are implied), except 
for the hydrogen atom attached to the oxygen atom 
(hydrogen atoms must be drawn if they are connected to 
a heteroatom, such as oxygen). Each corner and each 
endpoint represents a carbon atom, so the carbon 
skeleton is shown more clearly. 
OH 


(CH3CH>),CHCH»CH2OH 


Condensed structure , 
Bond-line structure 


(c) The condensed structure indicates how the atoms are 
connected to each other. In the bond-line structure, 
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hydrogen atoms are not drawn (they are implied). Each 
corner and each endpoint represents a carbon atom, so 
the carbon skeleton is shown more clearly. 


aK 


a 


Bond-line structure 


CH=COCH,CH(CH3). 


Condensed structure 


(d) The condensed structure indicates how the atoms 
are connected to each other. In the bond-line structure, 
hydrogen atoms are not drawn (they are implied). Each 
corner and each endpoint represents a carbon atom, so 
the carbon skeleton is shown more clearly. 


CH3CH2OCH2CH2OCH2CH; G70 


Condensed structure Bond-line structure 


(e) The condensed structure indicates how the atoms are 
connected to each other. In the bond-line structure, 
hydrogen atoms are not drawn (they are implied). Each 
corner and each endpoint represents a carbon atom, so 
the carbon skeleton is shown more clearly. 


Br 
(CH3CH2)3C Br 


Condensed structure 
Bond-line structure 
(f) The condensed structure indicates how the atoms are 
connected to each other. In the bond-line structure, 
hydrogen atoms are not drawn (they are implied). Each 


corner and each endpoint represents a carbon atom, so 
the carbon skeleton is shown more clearly. 


= 


Bond-line structure 


(CH3)2C=CHCH3 
Condensed structure 


2.56. The nitronium ion does not have any significant 
resonance structures because any attempts to draw a 
resonance structure will either 1) exceed an octet for the 
nitrogen atom or 2) generate a nitrogen atom with less 
than an octet of electrons, or 3) generate a structure with 
three charges. The first of these would not be a valid 
resonance structure, and the latter two would not be 
significant resonance structures. 


2.57. The negatively charged oxygen atom has three 
lone pairs, while the positively charged oxygen atom has 
one lone pair (see Table 2.2). Notice that this 
compound exhibits a lone pair that is next to a n bond, so 
we must draw two curved arrows associated with that 
pattern. The first curved arrow is drawn showing a lone 
pair becoming a 7 bond, while the second curved arrow 
shows a 7 bond becoming a lone pair: 
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2.58. Each nitrogen atom has a lone pair that is 


© © 
oN Os. AOL nO delocalized via resonance. In order to be delocalized via 
‘or Do ‘97 >ö: resonance, the lone pair must occupy a p orbital, and 


therefore, each nitrogen atom must be sp? hybridized. 


; As such, each nitrogen atom is trigonal planar. 
There are no other valid resonance structures that are 


significant. 


2.59. 

(a) This compound exhibits a lone pair next to a a bond, so we draw two curved arrows. The first curved arrow is 
drawn showing a lone pair becoming a n bond, while the second curved arrow shows a z bond becoming a lone pair. 
We then draw the resulting resonance structure and assess whether it exhibits one of the five patterns. In this case, the 
lone pair is next to another r bond, so once again, we draw the two curved arrows associated with that pattern. The 
resulting resonance structure again exhibits a lone pair next to a m bond, so again we draw two curved arrows and the 
resulting resonance structure. Once again, there is a lone pair next to a n bond, which requires that we draw one final 
resonance structure, shown below. This last resonance structure is not the same as the original resonance structure, 
because of the locations in which the z bonds are drawn. 


OH 


(b) The following compound exhibits a C=O bond (a m bond between two atoms of differing electronegativity), so we 
draw one curved arrow showing the m bond becoming a lone pair. We then draw the resulting resonance structure and 
assess whether it exhibits one of the five patterns. In this case, there is an allylic positive charge, so we draw the 
curved arrow associated with that pattern (pushing over the m bond), shown here: 


H 
p 


2.60. This compound exhibits a C=O bond (a x bond between two atoms of differing electronegativity), so we draw 
one curved arrow showing the r bond becoming a lone pair. We then draw the resulting resonance structure and assess 
whether it exhibits one of the five patterns. In this case, there is an allylic positive charge, so we draw the curved arrow 
associated with that pattern (pushing over the m bond), shown here. This pattern continues, many more times, 
spreading the positive charge over many locations: 
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20 -0 
20% zO: 
~a TE Zz 
YZ Ye SS 
<=> a al 
T 
20% 
(©) 
(™ m~ 
<=> => 
ZA ZN ZA 
©) 


By considering the significant resonance structures (drawn above), we can determine the positions that are electron 


deficient (6+). This information is summarized here. 
O 


8+ ot 8+ 


2.61. This compound exhibits a lone pair next to a n bond, so we draw two curved arrows. The first curved arrow is 
drawn showing a lone pair becoming a z bond, while the second curved arrow shows a bond becoming a lone pair. 
We then draw the resulting resonance structure and assess whether it exhibits one of the five patterns. In this case, 
there is a lone pair next to a m bond, so once again, we draw the two curved arrows associated with that pattern. The 
resulting resonance structure again exhibits a lone pair next to a x bond. This pattern continues, many more times, 
spreading a negative charge over many locations: 


Chub ot 
E a ott, eet 


By considering the significant resonance structures (drawn above), we can determine the positions that are electron rich 


(6-). This information is summarized here. 


à O OH 


& BOISE 
2.62. Two patterns of resonance can be identified on the given structure: carbonyl resonance and allylic lone pair 
resonance (involving either the oxygen or nitrogen lone pairs). All three of these options will be used. Since it is 
possible to start with any one of the three, you may have developed the resonance forms in a different order than 
presented here, but you still should have found four reasonable resonance forms. Only one of the four structures has an 
atom with an incomplete octet (the last resonance structure shown), so that is identified as the only minor contributor to 
the hybrid. The first resonance form is the largest contributor because it has filled octets and no formal charges. The 
middle two resonance structures both have filled octets and a negative charge on an oxygen atom, so they are ranked 
according to their only difference: the location of the positive charge. The third structure is the 2"! most significant 
resonance form because it has the positive charge on the less electronegative nitrogen atom. Note it is better to place a 
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negative charge on a more electronegative atom, and it is better to place a positive charge on a less electronegative 
atom. 


Lo: © o BF 
a ee e: . 1 @ ge Sil aa 
HO E-N «> H0=ctNH, <—~ HÖ-C=NH2 <—> HO-—C—NH, 
Q Q ome 


Largest contributor (#1) Major (#3) Major (#2) Minor (#4) 


2.63. The only resonance pattern evident in the enamine is an allylic lone pair. After that pattern is applied, however, 
another allylic lone pair results so the resonance can ultimately involve both x bonds. There are a total of three major 
resonance forms that all have filled octets. Consideration of the hybrid of these resonance forms predicts two electron- 
rich sites. 


Op QO--OnO] QO 
Vi 


Electron- 
rich sites 


Did you draw the following additional structure (or something similar, with C+ and C-) and wonder why it was not 


shown in this solution? 
Cae 


i) 
Insignificant 


This resonance form suffers from two major deficiencies: 1) it does not have filled octets, while the other resonance 
forms shown above all have filled octets, and 2) it has a negative charge on a carbon atom (which is not an 
electronegative atom). Either of these deficiencies alone would render the resonance form a minor contributor. But 
with both deficiencies together (C+ and C-), this resonance form is insignificant. The same is true for any resonance 
form that has both C+ and C-. Such a resonance form will generally be insignificant (there are very few exceptions, 
one of which will be seen in Chapter 17). 

Also, note that the x bonds cannot be moved to other parts of the six-membered ring since the CH2 groups are 
sp? hybridized. These carbon atoms cannot accommodate an additional bond without violating the octet rule. 


WRONG œ) H 


ə 


Not possible! 
(pentavalent carbon) 


2.64. 

(a) The molecular formula is C3H6N202. (c) There is one carbon atom that is using a p orbital to 
(b) Each of the highlighted carbon atoms (below) has form a mt bond. As such, this carbon atom (highlighted) 
four sigma bonds (the bonds to hydrogen are not shown). is sp? hybridized. 

As such, these two carbon atoms are sp? hybridized. 


o 
o 
H~ yN u NH2 
H- 7 NH2 i 
\ o 
O 
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(d) There are no sp hybridized carbon atoms in this 
structure. 


(e) There are six lone pairs (each nitrogen atom has one 
lone pair and each oxygen atom has two lone pairs): 


(f) Only the lone pair on one of the nitrogen atoms is 
delocalized via resonance (to see why it is delocalized, 
see the solution to 2.64h). The other lone pairs are all 
localized. 


localized 
“O° 
delocalized a 
H ~ N ani NH2 
localized 


localized :0 


(g) The geometry of each atom is shown below (see 
SkillBuilder 1.8): 


not relevant 
(only connected to one other atom) 


trigonal planar | 


N, B A trigonal planar 


awu NH2 


bent = pS 
aa :0 FN trigonal 


pyramidal 


tetrahedral 
al 


(h) We begin by looking for one of the five patterns that 
employs just one curved arrow (in this case, there is 
another pattern that requires two curved arrows, but we 
will start with the pattern using just one curved arrow). 
There is a C=O bond (a n bond between two atoms of 
differing electronegativity), so we draw one curved 
arrow showing the mz bond becoming a lone pair. We 
then draw the resulting resonance structure and assess 
whether it exhibits one of the five patterns. In this case, 
there is a lone pair adjacent to a positive charge, so we 
draw the curved arrow associated with that pattern 
(showing the lone pair becoming a m bond), shown here: 


CHAPTER 2 57 


ac ae 
S a 
Hav ant NH2 H- Ñ D w NH2 
\ => \ 
O Q 
0 P 
0: 
HZ w NH2 
\ 
ʻO 
2.65. 


(a) The molecular formula is Ci6H21NO2. 

(b) Each of the highlighted carbon atoms (below) has 
four sigma bonds (the bonds to hydrogen are not shown). 
As such, these nine carbon atoms are sp? hybridized. 


we 2 


(c) There are seven carbon atoms that are each using a p 
orbital to form a m bond. As such, these seven carbon 
atoms (highlighted) are sp? hybridized. 


X > 


(d) There are no sp hybridized carbon atoms in this 
structure. 

(e) There are five lone pairs (the nitrogen atom has one 
lone pair and each oxygen atom has two lone pairs): 


:0; 


(f) The lone pairs on the oxygen of the C=O bond are 
localized. One of the lone pairs on the other oxygen 
atom is delocalized via resonance. The lone pair on the 
nitrogen atom is delocalized via resonance. 


(g) All sp? hybridized carbon atoms are trigonal planar. 
All sp? hybridized carbon atoms are tetrahedral. The 
nitrogen atom is trigonal planar. The oxygen atom of the 
C=O bond does not have a geometry because it is 
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connected to only one other atom, and the other oxygen electron density (d+), because oxygen is more 


atom has bent geometry (see SkillBuilder 1.8). electronegative than carbon: 

oO 
2.66. covey 
(a) In Section 1.5, we discussed inductive effects and we a 
learned how to identify polar covalent bonds. In this öt 


case, there are two carbon atoms that participate in polar l 
covalent bonds (the C-Br bond and the C-O bond). The carbon atom of the carbonyl (C=O) group is 
Each of these carbon atoms will be poor in electron especially electron deficient, as a result of resonance. 
density (6+) because oxygen and bromine are each more 


electronegative than carbon: (c) There are two carbon atoms that are adjacent to 
electronegative atoms. These carbon atoms will be poor 
‘Br: in electron density (6+), because oxygen and chlorine are 
BS A each more electronegative than carbon: 
ô+ O, 
y `H E 
oO 


aN 


The carbon atom of the carbonyl (C=O) group is 
especially electron deficient, as a result of resonance. 


(b) There are two carbon atoms that are adjacent to 
oxygen atoms. These carbon atoms will be poor in 


2.67. We begin by drawing all significant resonance structures, and then considering the placement of the formal 
charges in each of those resonance structures (highlighted below) 


fee ae PAC) aà 0 PP 
70° :OH iO: :OH 10; :OH 
TAA AA A ` ® O 
H Zo H© H H H 


| 


OF ®6n coe ®6H a CoH 
ees, ore ONES 
GU O 


A position that bears a positive charge is expected to be electron deficient (6+), while a position that bears a negative 
charge is expected to be electron rich (6—). The following is a summary of the electron-deficient positions and the 
electron-poor positions, as indicated by the resonance structures above. 
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2.68. 

(a) Compound B has one additional resonance structure 
that compound A lacks, because of the relative positions 
of the two groups on the aromatic ring. Specifically, 
compound B has a resonance structure in which one 
oxygen atom has a negative charge and the other oxygen 
atom has a positive charge: 


ion ee 

r: 6: 

GL Ok 
fom oS 


Compound B 


Compound A does not have a significant resonance 
structure in which one oxygen atom has a negative 
charge and the other oxygen atom has a positive charge. 
That is, compound A has fewer resonance structures than 
compound B. Accordingly, compound B has greater 
resonance stabilization. 


(b) Compound C is expected to have resonance 
stabilization similar to that of compound B, because 
compound C also has a resonance structure in which one 
oxygen atom has a negative charge and the other oxygen 
atom has a positive charge: 


oo a Sö: 87 


Compound C 


2.69. 
(a) The following group is introduced, and it contains 


five carbon atoms: 


a 
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(b) The following highlighted carbon atom is involved in 
the reaction: 


CH3 CH3 
1 2 


(c) Compound 1 has three 
structures, shown here: 


significant resonance 


The structure on the left is the most significant, because 
every atom has an octet and it has no formal charges. 
The resonance hybrid is a weighted average of these 
three resonance structures. Since the partial positive 
charge is delocalized onto two carbon atoms and the 
partial negative charge is localized on only one oxygen 
atom, the partial negative charge is drawn larger than 
each of the individual partial positive charges. 


(d) The reactive site has partial positive character, which 
means that it is electron deficient. This is what makes it 
reactive. In the actual synthesis, this compound is 
treated with a carbanion (a structure containing a carbon 
atom with a negative charge). The reaction causes 
formation of a bond between the electron-deficient 
carbon atom and the electron-rich carbon atom. We will 
learn that reaction in Chapter 21. 


2.70. We will need to draw two resonance hybrids, one for each of the highlighted carbon atoms. One highlighted 
position is part of an aromatic ring, and we will begin by focusing on that position. In doing so, we can save time by 


redrawing only the relevant portion of the molecule, like this: 


RO R 


OR 
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This aromatic ring has eight significant resonance structures, shown below: 


resonance resonance 
structure structure 
1 2 
RÖ ro EAA BAA RAK 
4 < o` 
Gor “OR >OR ‘OR 
© © © 
resonance resonance resonance resonance 
structure structure structure structure 
1 3 4 5 
i (©) (©) ©) 
SUA OUA A RO RY, 
<il => . => 
i) 
‘OR ‘OR ‘OR 
resonance resonance resonance resonance 
structure structure structure structure 
1 6 7 8 


The resonance hybrid is a weighted average of these eight resonance structures. Resonance structures 1 and 2 are 
equally most significant because all atoms have an octet AND there are no formal charges. Resonance structures 3-8 
are less significant than 1 and 2 but equally significant to each other because every atom has a full octet with a positive 
charge on an oxygen atom and a negative charge on a carbon atom. Since the partial negative charge is delocalized onto 
three carbon atoms and the partial positive charge is delocalized onto only two oxygen atoms, the partial positive 
charges are drawn slightly larger than the partial negative charges. The analysis allows us to draw the resonance hybrid 
for this portion of the molecule, and it demonstrates that the highlighted carbon atom is 6-. 


Now let’s focus on our attention on the other highlighted carbon atom (the one that is part of a carboxylic acid group). 
Just as we did before, we will draw only the portion of the molecule that is of interest: 


O O 
HO Ww RO wee 
O 
HO WN 
OR 


O 
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This portion of the molecule has four significant resonance structures, shown below: 


© 


resonance resonance resonance 
structure structure structure 
1 2 3 


HÖ NN R -> HO a 
aU — 
:0: :0: 

oe iS) oe (e) 
resonance resonance 
structure structure 
2 4 


The resonance hybrid is a weighted average of these four resonance structures. Resonance structure 1 is most 
significant because all atoms have an octet AND there are no formal charges. Resonance structure 3 is the next most 
significant because there are formal charges, yet every atom has a full octet. Since the partial negative charge is 
localized on one oxygen atom, this partial charge is the largest. The partial positive charge is delocalized over three 
atoms, but it is larger on the oxygen (relative to either of the carbon atoms). The resonance hybrid demonstrates that 
this carbon atom is 5+. 


2.71. 
(a) The molecular formula for CL-20 is C6H6N12012. The molecular formula for HMX is CsHsNsOs. 
(b) The lone pair is delocalized (see resonance structures below). 
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2.72. 
This intermediate is highly stabilized by resonance. The positive charge is spread over one carbon atom and three 
oxygen atoms. 


2.73. 
(a) Both molecules have identical functional groups (alcohol + alkene). 


f 


OH alkene 
alcohol alcohol alkene 


The structure on the left exhibits two six-membered rings and two five-membered rings, while the structure on the right 
has three six-membered rings and only one five-membered ring. 
The long alkane group is apparently located in the wrong position on the five-membered ring of the incorrect structure. 


(b) Both structures contain an alkene group, an aromatic ring, an amide group, and two ether functional groups. But 
the incorrect structure has a third ether functional group (in the eight-membered ring), while the correct structure has an 
alcohol functional group. The incorrect structure has an eight-membered ring, while the correct structure has a five- 
membered ring. The two carbon atoms and oxygen atom in the ring of the incorrect structure are not part of the ring for 
the correct structure. 


amide ee 
O 
alkene pallid alkene ether (©) 
fe) NH (0) 
Aes, 
> A cohol 
aromatic OCH3 ether aromatic OCHs alcoho 
ether ether 
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(a) The positive charge in basic green 4 is resonance-stabilized (delocalized) over twelve positions (two nitrogen atoms 
and ten carbon atoms), as seen in the following resonance structures. 


/ 


www.MyEbookNiche.eCrater.com 


64 CHAPTER 2 


(b) The positive charge in basic violet 4 is expected to be 
more stabilized than the positive charge in basic green 4, 
because the former is delocalized over thirteen positions, 
rather than twelve. Specifically, basic violet 4 has an 
additional resonance structure that basic green 4 lacks, 
shown below: 


[— 


N 


r 


N 


In basic violet 4, the positive charge is spread over three 
nitrogen atoms and ten carbon atoms. 


2.75. Polymer 2 contains only ester groups, so the IR 
spectrum of polymer 2 is expected to exhibit a signal 
near 1740 cm! (typical for esters), associated with 
vibrational excitation (stretching) of the C=O bond. 
Polymer 4 lacks any ester groups, so the signal near 1740 
cm’! is expected to be absent in the IR spectrum of 
polymer 4. Instead, polymer 4 has OH groups, which are 
expected to produce a broad signal in the range 3200- 
3600 cm!. Polymer 3 has both functional groups 
(alcohol group and ester group), so an IR spectrum of 
polymer 3 is expected to exhibit both characteristic 
signals. When polymer 3 is converted to polymer 4, the 
signal near 1740 cm"! is expected to vanish, which would 
indicate complete hydrolysis of polymer 3. 


In practice, the signal for the C=O stretch in polymer 2 
appears at 1733 cm, which is very close to our 
estimated value of 1740 cm’. 


2.76. Compound 1 has an OH group, which is absent in 
compound 2. Therefore, the IR spectrum of 1 should 
exhibit a broad signal in the range 3200-3600 cm! 
(associated with O-H stretching), while the IR spectrum 
of 2 would be expected to lack such a signal. The 
conversion of 1 to 2 could therefore be confirmed with 
the disappearance of the signal corresponding with 
excitation of the O-H bond. 

Another way to monitor the conversion of 1 to 2 is to 
focus on the C-H bond of the aldehyde group in 
compound 1, which is expected to produce a signal in the 
range 2750-2850 cm!. Since the aldehyde group is not 
present in compound 2, we expect this signal to vanish 
when 1 is converted to 2. 

There is yet another way to monitor this reaction with IR 
spectroscopy. Compound 1 possesses only one C=O 
bond, while compound 2 has two C=O bonds. As such, 
the latter should exhibit two C=O signals. One signal is 
expected to be near 1680 cm! (for the conjugated 


ketone), and the other signal should be near 1700 cm’! 
(corresponding to the conjugated ester). In contrast 
compound 1 has only one C=O bond, which is expected 
to produce a signal near 1680 cm! (for the conjugated 
aldehyde). Therefore, the conversion of 1 to 2 can be 
monitored by the appearance of a signal near 1700 cm". 


2.77. Structures (a), (b) and (d) are all significant 
resonance structures, as shown: 


(Mis + O 
(a) \ 
C= — «> 
(d) (b) 


Structure (c) is not a resonance form at all. To see this 
more clearly, notice that the benzyl carbocation does not 
have any CH2 groups in the ring, but structure (c) does 
have a CH2 group in the ring: 


T & 


Benzyl carbocation (c) 


Resonance structures differ only in the placement of 
electrons. Since structure (c) differs in the connectivity 
of atoms, it cannot be considered a resonance structure of 
the benzyl carbocation. Therefore, the answer is (c). 


2.78. The atoms in all four structures have complete 
octets. So we must consider the location of the negative 
charge. Structure (a) has a negative charge on an 
electronegative atom (oxygen). A negative charge is 
more stable on the more electronegative atom (oxygen) 
than it is on a nitrogen atom or a carbon atom. 
Therefore, structure (a) will contribute the most character 
to the resonance hybrid: 


o£ 


| 2 
N 


SS 


2.79. The nitrogen atom in structure (a) is delocalized by 
resonance, and is therefore sp? hybridized: 


a Or 

5 :0: 

Hac. IN H3C Ee 
3 i, <> 3 `y H 


CH3 CH3 
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The nitrogen atom in structure (b) is also delocalized, so 2.80. We begin by considering all bonds in the 
it is sp” hybridized as well: compound, which is easier to do if we redraw the 
compound as shown: 


O: HaC H CH 
en E io cae oe ee CH3)9CHCH,OC(CH = a ¢-o-¢ d 
a a (CH3)2 20C(CH3)} = r 3 
H3C H CH3 
The nitrogen atom in structure (c) is also sp? hybridized, 
because this nitrogen atom must be using a p orbital to This compound corresponds to structure (c): 
participate in m bonding (C=N). The nitrogen atom in 
structure (d) has three o bonds, and its lone pair is HaC H CH3 
localized. Theref thi it t i 3 \ | | 
oca ized l erefore, this nitrogen atom is sp H-C-C-o-C-cH, = 5 
hybridized: boa | 
HaC H CH3 
Vai 
2.81. 
(a) This compound contains the following functional groups: 
omer O(CHa)1CH3 Oe ka 
amide aldehyde 
CH3(CH2)110 —— i y 
ether | 
N 
CH3(CH2)440 s i 
ether aromatic o aromatic 


(b) The nitrogen atom has a lone pair that is delocalized via resonance: 
OC12H25 O OC12H25 O 
C42H250 7 F C12H250 H 
NI ON 
C12H250 C42H250 
So, :0: 
m ! =o 
© 
neg 
:0: 
=o 


H 


H 


C49H250 C49H250 
12H25 ‘4 T 12H25 H 
N N 
ZA 
C42H250 a C12H250 = 


In the second resonance structure shown, the C-N bond is drawn as a double bond, indicating partial double-bond 
character. This bond is thus a hybrid between a single and double bond; the partial double bond character results in 
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partially restricted rotation around this bond. In contrast, the C-N bond on the left experiences free rotation because 
that bond has only single-bond character. 


restricted 
O(CH2)11CH3 rotation © 


CH3(CH2)110 ? 
H 
N 
CH3(CH2)110 î 
free O 
rotation 


2.82. 
(a) For each of the four reactions (i—iv), the product should have two imine groups, resulting from the reaction between 
a compound with two amino groups (B or C) with two equivalents of an aldehyde (A or D). 


O—(CH oN N 
? ON 
N 

O—(CHajo— N” \) 


Product of reaction i 


\ 
4 N— (CHs)i0—0 
= N 


/ NE Choo 


Product of reaction ii O—(CH»); oN / \ 
N ( = ) 
f N No (CH2)10 — O. “Ch ® 4 \ 
= H O—(CH2)40—N \ 
H 2 
CP CHao—0 


Product of reaction iii 


J NE (CH)s0—0 O—-(CHo KN N 
( E ) i F ( = , 
Nw SN 
CP hoo O-(CHo NY) 


Product of reaction iv 


H 
O—(CHp)io—N 4 N 
Woo 
N N = 
/ We (CH2)19 — O af 
— z O—(CH2)40—N D 
4 À N— (CH)o—O 


(b) The products of reactions iii and iv are constitutional isomers of each other. These products have the same 
molecular formula, but differ in their relative connectivity on the two central aromatic rings. 


www.MyEbookNiche.eCrater.com 


CHAPTER 2 67 


2.83. 

(a) Each of the four amides can be represented as a resonance hybrid (one example shown below). The charge- 
separated resonance structure indicates that there is a 6+ on the amide nitrogen, which thus pulls the electrons in the N- 
H bond closer to the nitrogen atom, leaving the hydrogen atom with a greater 6+. This resonance effect is not present 
in the N-H bond of the amines. Thus, the 6+ on an amide H is greater than that on an amine H, leading to a stronger 
hydrogen bond. 


amine amide amide amide amide amine 
m 1 -—_~—_,, r * `ar aii `ar =i 
70" H O H š 
N g | | 3} 
N A. N N : 
Crh nee 
>= H © H o HĦ 


= Q. | O 
H Xe) H re) i = 
wee = 
N 

= H o H 


2.84. 


(a) Anion 2 is highly stabilized by resonance (the negative charge is delocalized over two oxygen atoms and three 
carbon atoms). The resonance structures for 2 are as follows: 


(0) O ` (0) 

poe KX Big % 
K OO % “O O 
2a 2b 2c 


oO 9 o 
<=> V 
(0) o 

2e 2d 
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Cation 3 is highly stabilized by resonance (the positive charge is delocalized over two oxygen atoms and four carbon 


atoms). The resonance structures of 3 are as follows: 


(b) Double bonds are shorter in length than single bonds 
(see Table 1.2). As such, the C-C bonds in compound 1 
will alternate in length (double, single, double, etc.): 


shorter 
bond 


longer Ny 


bond Q5 fe) 
H 
shorter a O7 


bond 4 


The double bonds do have some single-bond character as 
a result of resonance, as can be seen in resonance 
structure 1c: 


b 
o" 
1a single-bond 
t character 
© © 
Ze 6 N Oo 
o" No 
1b 1c 


Similarly, the single bonds have some double-bond 
character, also because of resonance. However, this 
effect is relatively small, because there is only one 
resonance structure (la above) in which all atoms have 
an octet AND there are no formal charges. Therefore, it 
is the greatest contributor to the overall resonance 
hybrid. As such, the double bonds have only a small 


i "i vi 
<i a 
<=> <=> 
o7 j o° j om j 
3a 3b 3c 
"i i | ji 
O j Ne (0) 
2 H Sl ® Pa H a H 
% Co; à o 
3f 3e 3d 


amount of single-bond character, and the single bonds 
have only a small amount of double-bond character. 

In contrast, anion 2 does not have a resonance structure 
that lacks charges. All resonance structures of 2 bear a 
negative charge. Among the resonance structures, two of 
them (2a and 2e) contribute the most character to the 
overall resonance hybrid, because the negative charge is 
on an electronegative oxygen atom (rather than carbon). 


© 
CX X 
=> 
© 
oO O 
2a 2e 


In fact, these two resonance contributors will contribute 
equally to the overall resonance hybrid. As such, the 
bonds of the ring will be very similar in length, because 
they have both single-bond character and double-bond 
character in equal amounts. A similar argument can be 
made for compound 3. 


(c) In compound 1, a hydrogen bonding interaction 
occurs between the proton of the OH group and the 
oxygen atom of the C=O bond: 


This interaction is the result of the attraction between 
partial charges (6+ and 6-). However, in cation 3, a 
similar type of interaction is less effective because the O 
of the C=O bond is now poor in electron density, and 
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therefore less capable of forming a hydrogen bonding 
interaction, as can be seen in resonance structure 3a. 


H 

be 
ot 

ot 


3a 


The other oxygen atom is also ineffective at forming an 
intramolecular hydrogen bond because it too is poor in 
electron density, as can be seen in resonance structure 3f: 


2.85. In order for all four rings to participate in 
resonance stabilization of the positive charge, the p 
orbitals in the four rings must all lie in the same plane (to 
achieve effective overlap). In the following drawing, the 
four rings are labeled A-D. Notice that the D ring bears 
a large substituent (highlighted) which is trying to 
occupy the same space as a portion of the C ring: 
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This type of interaction, called a steric interaction, forces 
the D ring to twist out of plane with respect to the other 
three rings, like this: 


In this way, the overlap between the p orbitals of the D 
ring and the p orbitals of the other three rings is expected 
to be less effective. As such, participation of the D ring 
in resonance stabilization is expected to be diminished 
with respect to the participation of the other three rings. 
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Chapter 3 
Acids and Bases 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 3. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 


Vocabulary. 

e A Brensted-Lowry acid is a proton , while a Bronsted-Lowry base is a proton 

e A reaction mechanism utilizes curved arrows to show the flow of that account 

for a chemical reaction. 

e The mechanism of proton transfer always involves at least curved arrows. 

e A strong acid has a pKa, while a weak acid has a pKa. 

e There are four factors to consider when comparing the of conjugate bases. 

e The equilibrium of an acid-base reaction always favors the more negative charge. 

e =A Lewis acid is an electron-pair , while a Lewis base is an electron-pair 
Review of Skills 


Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 


the end of Chapter 3. The answers appear in the section entitled SkillBuilder Review. 


SkillBuilder 3.1 Drawing the Mechanism of a Proton Transfer 


DRAW THE CURVED ARROWS FOR THE FOLLOWING ACID-BASE REACTION 


294 + CH;0: HO: + CH30OH 


SkillBuilder 3.2 Using pKa Values to Compare Acids 


CIRCLE THE COMPOUND BELOW THAT IS MORE ACIDIC 


AL A, 


pK, = 19.2 pK, = 4.75 


SkillBuilder 3.3 Using pKa Values to Compare Basicity 


COMPARE THE FOLLOWING pK, VALUES: AND CIRCLE THE STRONGER BASE BELOW 
Si A Tat j 
AeA PN © 
pKa = 9.0 pKa = 19 as ve 


SkillBuilder 3.4 Using pKa. Values to Predict the Position of Equilibrium 


CIRCLE THE SIDE OF THE EQUILIBRIUM THAT IS FAVORED: 


o o O O 
AK + OH ~~ AM t O9 
= H H 
pKa = 9.0 pKa = 15.7 
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SkillBuilder 3.5 Assessing Relative Stability. Factor #1: Atom 


COMPARE THE TWO HIGHLIGHTED H 
PROTONS, AND CIRCLE THE ONE 


THAT IS MORE ACIDIC. USE THE N o 
EXTRA SPACE TO DRAW THETWO U7 'SN_ UNL H 
POSSIBLE CONJUGATE BASES. 


SkillBuilder 3.6 Assessing Relative Stability. Factor #2: Resonance 


COMPARE THE TWO HIGHLIGHTED 
PROTONS, AND CIRCLE THE ONE THAT 
IS MORE ACIDIC. USE THE EXTRA 
SPACE TO DRAW THE TWO POSSIBLE 
CONJUGATE BASES. 


COMPARE THE TWO HIGHLIGHTED 
PROTONS, AND CIRCLE THE ONE THAT 
IS MORE ACIDIC. USE THE EXTRA 
SPACE TO DRAW THE TWO POSSIBLE 
CONJUGATE BASES. 


COMPARE THE TWO HIGHLIGHTED 
PROTONS, AND CIRCLE THE ONE THAT 
IS MORE ACIDIC. USE THE EXTRA 
SPACE TO DRAW THE TWO POSSIBLE 
CONJUGATE BASES. 


COMPARE THE TWO HIGHLIGHTED PROTONS, 
AND CIRCLE THE ONE THAT IS MORE ACIDIC. 
USE THE EXTRA SPACE TO DRAW THE TWO 


POSSIBLE CONJUGATE BASES. 


CIRCLE THE SIDE OF THE EQUILIBRIUM THAT IS FAVORED: 


oO 


DETERMINE WHETHER WATER IS A SUITABLE PROTON SOURCE TO PROTONATE THE ACETATE ION, AS SHOWN BELOW: 


O 
O =—__ 2k H © 
H~ NH Oo” F OH 


Op 
+ 


IN THE FOLLOWING REACTION: B F 


IDENTIFY THE LEWIS ACID H “O° 
AND THE LEWIS BASE | ( ) 
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Common Mistakes to Avoid 


When drawing the mechanism of a proton transfer, two curved arrows are required. The first curved arrow 
shows the base attacking the proton, and the second curved arrow shows the bond to H being broken. 


Base: H—A 
ee NW 
First Second 
curved arrow curved arrow 


It is a common mistake to draw only the first curved arrow and not the second, so make sure to draw both 
curved arrows. When drawing the second curved arrow, make sure that the tail is placed on the middle of 
the bond to the H, as shown: 


Correct NOT correct 
Base: H—A Base: HA 


When the acid is H30*, you must draw at least one of the O-H bonds in order to draw the second curved 
arrow properly. 


Correct ii NOT correct 
Base: H790 Base: H30* 
ar o7 y 


This is also the case for other acids: 


Correct o NOT correct 
iI 
Base: H—O—S—OH Base: H2804 
ee Uy m o7” 
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Useful reagents 
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In Chapter 3, we explored the behavior of acids and bases. Throughout the remainder of the textbook, 
many acids and bases will be frequently encountered. It would be wise to become familiar with the 
following reagents (and their uses), as they will appear many times in the upcoming chapters: 


Structure Name Use 
A very strong acid. Commonly used as a source of protons. 
o Concentrated sulfuric acid is an aqueous mixture of H2SO4 and 
I a: H20, and the acid present in solution is actually H30”, because 
H—O—S—OH ? : : n eae 
II pulungao of the leveling effect. That is, H3O* is a weaker acid than 
o H2S0,;, so the protons are transferred from H2SO, to water, 
giving a high concentration of H30°. 
Hydrochloric A very strong acid. Similar in function to H2504. In an 
H—Cl te d aqueous solution of HCl, the acid that is present is H30*, 
because of the leveling effect, as described above for H2SOu. 
oO 


Acetic acid 


A weak acid. Mild source of protons. 


A weak acid and a weak base. It can function as either, 
depending on the conditions. When treated with a strong 


H `H Water base, water will function as an acid (a source of protons). 
When treated with a strong acid, water will function as a base 
and remove a proton from the strong acid. 

R represents the rest of the compound. Alcohols are 
JOS Ahalcokol compounds that possess an O-H group, and will be the subject 

R H of Chapter 12. Alcohols can function very much like water 
(either as weak acids or as weak bases). 

H A fairly strong base, despite the absence of a negative charge. 
N Ammonia It is a strong base, because its conjugate acid (NH4”), called 
H^ `H an ammonium ion, is a weak acid (pKa = 9.2). 
The ethoxide ion (CH3CH20 ) is a strong base, and Na’ is the 
CH3CH2ONa Sodium ethoxide | counterion. Other alkoxide ions (RO ), such as methoxide 
(CH30 ), are also strong bases. 
NaNH2 Sodium amide H2N is a very strong base, and Na’ is the counterion. 
iia An base. This is one of th b 
H—-c—c—c—c® Ü | Butyllithium extreme y strong base. 1s 1s one of the strongest bases 
i or ee that you will encounter. 
H H H 
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Solutions 

3.1. 

(a) Phenol (CsHsOH) loses a proton and is therefore 
functioning as an acid. Hydroxide (HO’) functions as 
the base that removes the proton. Two curved arrows 
must be drawn. The first curved arrow shows a lone pair 
of the base attacking the proton, and the second curved 
arrow comes from the O-H bond (being broken) and 
goes to the oxygen atom, as shown: 


ZH © 
O 5 O 
+ Fe) oO + 20. 
am H/H 
Acid Base Conjugate Conjugate 
Base Acid 


(b) H30* loses a proton and is therefore functioning as 
an acid. The ketone functions as the base that removes 
the proton. Two curved arrows must be drawn. The first 
curved arrow shows a lone pair of the base attacking the 
proton; the second curved arrow comes from the O-H 
bond (being broken) and goes to the oxygen atom, as 
shown: 


ws @ -H 
of ky O 
2 = + (0) 
A + noe id H/H 
H/@`H 


Base Acid 


Conjugate Conjugate 
Acid Base 


(c) The ketone loses a proton and is therefore functioning 
as an acid. The other reagent functions as the base that 
removes the proton. Two curved arrows must be drawn. 
The first curved arrow shows a lone pair of the base 
attacking the proton, and the second curved arrow comes 
from the C-H bond (being broken) and goes to the 
carbon atom, as shown: 


O Q 
E “N? 
2 
H 
Acid Base 
0 ù 
N 
© + y . x 
Conjugate Conjugate 
Base Acid 


(d) Benzoic acid (CeHsCO2H) loses a proton and is 
therefore functioning as an acid. Hydroxide (HO) 
functions as the base that removes the proton. Two 
curved arrows must be drawn. The first curved arrow 


shows a lone pair of the base attacking the proton, and 
the second curved arrow comes from the O-H bond 
(being broken) and goes to the oxygen atom, as shown: 


(0) 
DN 
R + OH 
Acid Base 
O 
= 
+ HTH 
Conjugate 
Conjugate Acid 


Base 


3.2. Two curved arrows must be drawn. The first curved 
arrow shows a lone pair of the base attacking the proton, 
and the second curved arrow comes from the O-H bond 
(being broken) and goes to the oxygen atom, as shown: 


CAH H 
of Ə 
0: CO o% o 


3.3. The nitrogen atom is accepting a proton, so 
dextromethorphan is the base in this proton-transfer 
reaction, and HBr is the acid (proton donor). As usual, 
the mechanism involves two curved arrows. The salt 
product contains both the conjugate acid (protonated 
dextromethorphan) and the conjugate base (Br_ ). 


A aa 
Br 7 CH3 
o 
| Base 


:Br: + 


Conjugate 
base 


Conjugate acid 


3.4. 

(a) According to Table 3.1, phenol (CsHsOH) has a 
pKa of 9.9, while water has a pKa of 15.7. The former is 
more acidic because it has a lower pKa value. 
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(b) According to Table 3.1, (CH3)3COH has a pKa of 18, 
while water has a pKa of 15.7. Water is more acidic 
because it has a lower pKa value. 

(c) According to Table 3.1, ammonia (NH3) has a pKa of 
38, while acetylene (H-C=C-H) has a pKa of 25. As 
such, the latter is more acidic because it has a lower pKa 
value. 

(d) According to Table 3.1, H30* has a pKa of -1.7, 
while HCI has a pKa of -7. As such, the latter is more 
acidic because it has a lower pKa value. 

(e) According to Table 3.1, ethane (C2H6) has a pKa of 
50, while acetylene (H-C=C-H) has a pKa of 25. As 
such, the latter is more acidic because it has a lower pKa 
value. 

(f) According to Table 3.1, a protonated ketone (the first 
structure shown) has a pKa of -7.3, while sulfuric acid 
(H2S04) has a pKa of -9. As such, the latter is more 
acidic because it has a lower pKa value. 


3.5. According to Table 3.1, the proton connected to the 
oxygen atom is expected to be the most acidic proton in 
the compound. That proton is expected to have a pKa 
value near 16 (similar to CH3CH2OH). The proton 
connected to the nitrogen atom is expected to have a pKa 
value near 38 (similar to NH3). 


Erand 
au 


pKa ~ 16 
(most acidic) 


3.6. According to Table 3.1, the proton of the carboxylic 
acid group (Ha below) is expected to be the most acidic 
(pKa ~ 5). The two protons labeled Hb and He are 
expected to have a pKa near 10 (like C6H5OH), and the 
protons labeled Ha are expected to have a pKa near 38 
(like NH3). The order of acidity is shown below: 


O 
o Ha 
Hp, N, 
o Ha `H 
p? Ha < Ho~ He < Ha 
F least acidic most acidic 
3.7. 


(a) We first imagine protonating each base, and then we 
compare the pĶa values of the resulting compounds 
(using Table 3.1): 


H-C=C-H 
pKa =25 
pKa = 38 


The first compound is more acidic because it has a lower 
pKa value. As a result, the conjugate base of the first 
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compound will be a weaker base than the conjugate base 
of the second compound: 


>20 N 
H-C=C H~ `H 


weaker base stronger base 


(b) We first imagine protonating each base, and then we 
compare the pXa values of the resulting compounds 
(using Table 3.1): 


oo 


pK = 18 


MoH 
pKa = 16 


The latter compound is more acidic because it has a 
lower pKa value. As a result, the conjugate base of the 
latter compound will be a weaker base than the conjugate 
base of the former compound: 


Xo 


stronger base 


ONS oF 
weaker base 
(c) We first imagine protonating each base, and then we 


compare the pKa values of the resulting ions (using Table 
3.1): 


H 
o H 
po 08 
H H 
pK, = -7.3 pKa = -1.74 


The former is more acidic because it has a lower pKa 
value. As a result, the conjugate base of the former will 
be a weaker base than the conjugate base of the latter: 


O 
AL 1, 


weaker base stronger base 


(d) We first imagine protonating each base, and then we 
compare the pKa values of the resulting compounds 
(using Table 3.1): 


H DoH 


pK, = 15.7 pK, = 16 

The former compound (water) is more acidic because it 
has a lower pKa value. As a result, the conjugate base of 
the latter compound will be a stronger base than the 
conjugate base of water: 


“~~o® 


stronger base 


H= o 
weaker base 
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(e) We first imagine protonating each base, and then we 
compare the pĶa values of the resulting compounds 
(using Table 3.1): 


H H 
H—C-C—H H-C=C-H 
H H 
pK, = 25 
pK, = 50 


The latter compound is more acidic because it has a 
lower pKa value. As a result, the conjugate base of the 
latter compound will be a weaker base than the conjugate 
base of the former compound: 


H H 
\ / (©) 
H—C—C—H H-—C=C 
Hf © 
H weaker base 


stronger base 


(f) We first imagine protonating each base, and then we 
compare the pĶa values of the resulting compounds 
(using Table 3.1). HCl has a pKa of -7, while H20 has a 
pKa of 15.7. Since HCl has a lower pKa value, it is more 
acidic than water (significantly). As a result, the 
conjugate base of HCI will be a much weaker base than 
the conjugate base of H20. 
a? Ho? 
weaker base stronger base 


3.8. The pKa values indicate that a proton is more acidic 
when it is connected to a positively charged oxygen atom 
(pKa ~ -2.2) than when it is connected to a positively 
charged nitrogen atom (pKa ~ 10.6). The weaker acid 
(R2NH2") gives the stronger base upon deprotonation: 


i i 

(©) 

Hee NOH œ> H3C—N—CH3 
H 

weaker acid stronger base 


NS 


H 
H3C -00 
H 


c—. H3sC—O—H 


weaker base 


stronger acid 
We 


Therefore, in the structure of compound 1, we expect 
that the lone pair on the nitrogen atom will be more basic 
than the lone pairs on the oxygen atom. When 
compound 1 is protonated, we expect the nitrogen atom 
to be protonated (rather than the oxygen atom) to give 
the following conjugate acid: 


H z 
oA QM 
H—N® 
H 


conjugate acid of 1 


3.9. Inspection of structures 1 and 3 shows that the 
nitrogen atoms, and more specifically their lone pairs, 
serve as bases in the protonation of nicotine. In order to 
determine which nitrogen atom in structure 1 is more 
basic, we can compare the pKa values for each of the 
acidic protons in structure 3, using the pKa table on the 
inside cover of the textbook: 


~ 
| H3C. © CH3 
N P 
@| H CH, 
H 
pKa = 3.4 pK, = 10.6 


The second has a higher pKa value, and is therefore a 
weaker acid. The weaker acid gives the stronger base 
upon deprotonation, so we expect the lone pair on the 
rightmost nitrogen atom (in structure 1) to be more basic: 


No) No) 
SS wr © SS ee N 

I mS 

CH3 stronger 


oN N base 
H T 1 
1 pKa ~ 10.6 


weaker acid weaker 


pK, ~ 3.4 base 


stronger acid 


Therefore, when 1 is mono-protonated, the sp? 
hybridized nitrogen atom is protonated, as shown: 


ae Ne 
SS yw N H* yw rd 
| | — || a 
J H Ch 
N 
2 


3.10. 

(a) We begin by identifying the acid on each side of the 
equilibrium. In this case, the acid on the left side is 
ethanol (CH3CH2OH) and the acid on the right side is 
water (H20). We compare their pKa values (Table 3.1), 
and we find that ethanol (pKa = 16) is less acidic than 
water (pKa = 15.7). The equilibrium will favor the 
weaker acid (ethanol). 

(b) Identify the acid on each side of the equilibrium. In 
this case, the acid on the left side is phenol (CsHsOH) 
and the acid on the right side is water (H20). We 
compare their pKa values (Table 3.1), and we find that 
water (pKa = 15.7) is less acidic than phenol (pKa = 9.9). 
The equilibrium will favor the weaker acid (water). 

(c) Identify the acid on each side of the equilibrium. In 
this case, the acid on the left side is HCI and the acid on 
the right side is H30*. We compare their pKa values 
(Table 3.1), and we find that H30* (pKa = -1.74) is less 
acidic than HCl (pKa = -7). The equilibrium will favor 
the weaker acid (H30°). 
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(d) Identify the acid on each side of the equilibrium. In 
this case, the acid on the left side of the equilibrium is 
acetylene (H-C=C-H), and the acid on the right side is 
ammonia (NH3). We compare their pKa values (Table 
3.1), and we find that ammonia (pKa = 38) is less acidic 
than acetylene (pKa = 25). The equilibrium will favor 
the weaker acid (ammonia). 


3.11. One way to answer this question is to look up (or 
at least estimate) the pKa of the acid on each side of the 
equilibrium. Because phenolic protons (pKa ~ 10) are 
more acidic than water (pKa ~ 15.7), we can determine 
that the equilibrium should favor deprotonation of 
hydroquinone by hydroxide. The equilibrium will favor 
the weaker acid (water). 


3.12. Ata pH of 7.4, the carboxylic acid group (RCO2H) 
will exist primarily as its conjugate base (RCOz ), called 
a carboxylate ion. At the same pH, the ammonium group 
(RNH;3*) will retain its proton, and will primarily exist in 
the charged form, as shown here: 


glycine 


3.13. 

(a) Carbon and oxygen are in the same row of the 
periodic table, so we must compare their 
electronegativity values. Oxygen is more 
electronegative than carbon and can better stabilize the 
negative charge that will be generated upon 
deprotonation. Therefore, a proton connected to an 
oxygen atom is expected to be more acidic than a proton 
connected to a carbon atom: 


NA^ o 


(b) Carbon and nitrogen are in the same row of the 
periodic table, so we must compare their 
electronegativity values. Nitrogen is more 
electronegative than carbon and can better stabilize the 
negative charge that will be generated upon 
deprotonation. Therefore, a proton connected to a 
nitrogen atom is expected to be more acidic than a proton 
connected to a carbon atom: 


(c) Sulfur and oxygen are in the same column of the 
periodic table, so we must compare their size. Sulfur is 
larger than oxygen and can better stabilize the negative 
charge that will be generated upon deprotonation. 
Therefore, a proton connected to a sulfur atom is 
expected to be more acidic than a proton connected to an 
oxygen atom: 
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eS. ON ™ JH 
H O 


(d) Nitrogen and oxygen are in the same row of the 
periodic table, so we must compare their 
electronegativity values. Oxygen is more 
electronegative than nitrogen and can better stabilize the 
negative charge that will be generated upon 
deprotonation. Therefore, a proton connected to an 
oxygen atom is expected to be more acidic than a proton 
connected to a nitrogen atom: 


/ 
H 


3.14. We start by drawing the two possible conjugate 
bases: 
Hy “Yon ZH Hy AN Ne 
N? S! N 6.9 
© A 


The first conjugate base has the negative charge on a 
nitrogen atom, while the second conjugate base has the 
negative charge on a sulfur atom. Nitrogen and sulfur are 
neither in the same row nor in the same column of the 
periodic table. However, nitrogen and oxygen are in the 
same row of the periodic table and sulfur and oxygen are 
in the same column of the periodic table, so it makes 
sense to use oxygen as a means of comparing nitrogen 
and sulfur. Oxygen is better able to stabilize a negative 
charge than nitrogen due to its greater electronegativity 
(the dominant factor when making comparisons in a 
row). Sulfur is better able to stabilize a negative charge 
than oxygen due to its larger size (the dominant factor 
when making comparisons in a column). So, we can 
deduce that sulfur must be more capable of stabilizing 
the negative charge than nitrogen: 
HAANS AAN a- HANS AAN co 
© h 
less stable more stable 
Therefore, the following highlighted proton is more 
acidic. 
HN ll 
*. | LP 
H 

3.15. 
(a) The proton marked in blue is expected to be more 
acidic than the proton marked in red, because 


deprotonation of the former leads to a resonance- 
stabilized anion, shown here: 


WBA <n 
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(b) The proton marked in blue is expected to be more 
acidic than the proton marked in red, because 
deprotonation of the former leads to a resonance- 
stabilized anion, shown here: 


(c) The proton marked in red is expected to be more 
acidic than the proton marked in blue, because 
deprotonation of the former leads to a resonance- 
stabilized anion, shown here: 


EA E 
| 
a -- Oe 


(d) The proton marked in red is expected to be more 
acidic than the proton marked in blue, because 
deprotonation of the former leads to a resonance- 
stabilized anion, shown here: 


© 
ae O 
In w An 


(e) The proton marked in blue is expected to be more 
acidic than the proton marked in red, because 
deprotonation of the former leads to a resonance- 
stabilized anion in which the negative charge is spread 
over two oxygen atoms. 


o R o 
AS} cae awa 
A 
O a 


Deprotonation at the location of the red proton also leads 
to a resonance-stabilized anion, but the negative charge 
is spread over an oxygen atom and a carbon atom, which 
is less stable than spreading the charge over two oxygen 
atoms. 


(f) The proton marked in red is expected to be more 
acidic than the proton marked in blue, because 
deprotonation of the former leads to a resonance- 
stabilized anion in which the negative charge is spread 
over one oxygen atom and three carbon atoms. 


B Wee 
AOA IN 
a 
ọ 
L LE 
i "A7 


Deprotonation at the location of the blue proton also 
leads to a resonance-stabilized anion, but the negative 
charge is spread over four carbon atoms, which is less 
stable than spreading the charge over one oxygen atom 
and three carbon atoms. 


3.16. The proton highlighted is the most acidic proton in 
the structure: 
HO 


HO 


This proton is the most acidic, because deprotonation at 
that location generates a resonance-stabilized anion, in 
which the negative charge is spread over two oxygen 
atoms and one carbon atom: 


HO 
Oo 
HO 
x O: V OH \ 
HO 
o Aa 
HO 
> 
o OH 
HO 
o a 
HO j 
O OH 


3.17. Deprotonation at the location marked by the red 
proton leads to a resonance-stabilized anion in which the 
negative charge is spread over one oxygen atom and 
three carbon atoms, just as we saw in Problem 3.15f. 
Deprotonation at the location marked by the blue proton 
leads to a resonance-stabilized anion in which the 
negative charge is spread over two oxygen atoms, just as 
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we saw in Problem 3.15e. By comparing pKa values 
from Table 3.1, we conclude that the following proton is 
more acidic (lower pKa value). 


OH oO 
o7 H 
more acidic 


This suggests that a negative charge will be more 
stabilized when spread over two oxygen atoms, rather 
than being spread over one oxygen atom and three 
carbon atoms (oxygen is more electronegative than 
carbon). 


3.18. 

(a) The highlighted proton is the most acidic. When 
this location is deprotonated, the resulting conjugate base 
is stabilized by the electron-withdrawing effects of the 


electronegative fluorine atoms: 
H 


a 


O 


Fœ O-+H 


more acidic 


(b) The highlighted proton is more acidic. When this 
location is deprotonated, the resulting conjugate base is 
stabilized by the electron-withdrawing effects of the 
electronegative chlorine atoms, which are closer to this 
proton than the other acidic proton (left): 


Oc c 


H. Ox 
o H 


3.19. 
(a) The compound with two chlorine atoms is more 
acidic, because of the electron-withdrawing effects of the 
additional chlorine atom, which helps stabilize the 
conjugate base that is formed when the proton is 
removed. 

oO 


OH 
cl Cl 


(b) The more acidic compound is the one in which the 
bromine atom is closer to the acidic proton. The 
electron-withdrawing effects of the bromine atom 
stabilize the conjugate base that is formed when the 
proton is removed. 

O 


OH 
Br 
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3.20. 
(a) In the following compound, one of the chlorine 
atoms has been moved closer to the acidic proton of the 
carboxylic acid group, which further stabilizes the 
conjugate base that is formed when the proton is 
removed. 

(0) 


OH 
CI CI 


(b) In the following compound, one of the chlorine 
atoms has been moved farther away from the acidic 
proton of the carboxylic acid group, and the distant 
chlorine atom is less capable of stabilizing the conjugate 
base that is formed when the proton is removed. 


ee 


(c) There are many acceptable answers to this question, 
since there are many constitutional isomers that lack the 
carboxylic acid functional group. One example is shown 
below. This compound is not a carboxylic acid, so its 
conjugate base is not resonance-stabilized: 


ayo 


(©) 


3.21. The most acidic proton is highlighted in each of 
the following compounds. For each of the first two 
compounds, deprotonation leads to a conjugate base in 
which the negative charge is associated with an sp 
hybridized orbital (which is more stable than being 
associated with an sp” or sp? hybridized orbital). In the 
final compound, deprotonation leads to a conjugate base 
in which the negative charge is associated with an sp? 
hybridized orbital (which is more stable than being 
associated with an sp° hybridized orbital). 
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3.22. n-Butyllithium (n-BuLi) has a negative charge on an sp? hybridized carbon atom, so it is a very strong base and 
will remove the most acidic proton in the compound. All protons have been drawn below, and the most acidic one is 
highlighted. Deprotonation gives a conjugate base (shown below) in which the negative charge is associated with an sp 
hybridized orbital. 


H H ® H H 
= © 
H > H \ 2 ZG: ( + cHCHLCHCH) 
H H H H 


This negative charge is more stable than the negative charge in n-BuLi. All of the other protons are connected to sp? 
hybridized carbon atoms. So if any of those protons had been removed instead, the resulting conjugate base would 
have been less stable because the negative charge would have been associated with an sp? hybridized orbital (rather 
than an sp hybridized orbital). 


3.23. 


S} 
: . (0) O 
(a) The proton marked in red is expected to be more y 
acidic than the proton marked in blue, because Er NH2 NH2 
; :0O <> O 
deprotonation of the former leads to a resonance- ox 


stabilized anion in which the negative charge is spread 
over one oxygen atom and three carbon atoms: 


a 5 o (d) The proton marked in blue is expected to be more 

cs ` acidic than the proton marked in red, because 

ra Ọ deprotonation of the former leads to a resonance- 

3 pe =Z stabilized anion in which the negative charge is spread 
over a nitrogen atom and a carbon atom. 


a o 
mee a 
a 
O 


Removal of the proton marked in blue results in an anion 


: ae (e) The proton marked in red is expected to be more 
that is not resonance stabilized. 


acidic than the proton marked in blue, because 
deprotonation of the former leads to a resonance- 
stabilized anion in which the negative charge is spread 
over two nitrogen atoms, rather than being spread over 
two carbon atoms. 


(b) The proton marked in red is expected to be more 
acidic than the proton marked in blue, because 
deprotonation of the former leads to a resonance- 
stabilized anion in which the negative charge is spread 
over two oxygen atoms, rather than just being spread 
onto one oxygen atom. ©) ANA a7 > ne 


i P o Ld 
O O :0: O 


Co (£) The proton marked in blue is expected to be more 
n0 7 acidic than the proton marked in red, because 
O :0: deprotonation of the former leads to a resonance- 


AA stabilized anion in which the negative charge is spread 


lls a over two sulfur atoms, rather than two oxygen atoms. 


(c) The proton marked in red is expected to be more 


acidic than the proton marked in blue, because O ~~ 2 
deprotonation of the former leads to a resonance- Si <> S 
stabilized anion in which the negative charge is spread HO a HO 

S S 


over two oxygen atoms, rather than being spread over o 
two nitrogen atoms: 
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(g) The proton marked in red is expected to be more 
acidic than the proton marked in blue, because 
deprotonation of the former leads to a conjugate base in 
which the negative charge is associated with an sp 
hybridized orbital. This case represents an exception to 
the ARIO priority scheme: factor 4 (orbital) trumps 
factor 1 (atom). 


NN 
| 


more acidic <=> (H H 


N 


(h) The proton marked in blue is expected to be more 
acidic than the proton marked in red, because 
deprotonation of the former leads to a conjugate base in 
which the negative charge is spread over two oxygen 
atoms, rather than being spread over one oxygen atom 
and three carbon atoms. 


o 


O 
ad 
HO . HO 
P i 


(i) The proton marked in blue is expected to be more 
acidic than the proton marked in red, because 
deprotonation of the former leads to a conjugate base in 
which the negative charge is spread over three oxygen 
atoms, rather than being spread over one nitrogen atom 
and one oxygen atom. 


H H 
\ o \ ae 
N Zi fy. à Gy 
O S70: «—> O S=0 
I II 
O So 
H 
N O 
Il 
o= )-g-0 
| 
20: 
l= =o 


3.25. 
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3.24. 

(a) Bromine and chlorine are in the same column of the 
periodic table (group 7A), so we must compare their 
size. Bromine is larger than chlorine and can better 
stabilize the negative charge that will be generated upon 
deprotonation. HBr is expected to be more acidic than 
HCI. 


(b) Sulfur and oxygen are in the same column of the 
periodic table (group 6A), so we must compare their 
size. Sulfur is larger than oxygen and can better stabilize 
the negative charge that will be generated upon 
deprotonation. Therefore, H2S is expected to be more 
acidic than H20. 


(c) Carbon and nitrogen are in the same row of the 
periodic table, so we must compare their 
electronegativity values. Nitrogen is more 
electronegative than carbon and can better stabilize the 
negative charge that will be generated upon 
deprotonation. Therefore, NHs is expected to be more 
acidic than CH4. 


(d) Acetylene (H-C=C-H) is more acidic. The 
conjugate base of acetylene has a negative charge 
associated with a lone pair in an sp hybridized orbital, 
which is more stable than a negative charge associated 
with a lone pair in an sp? hybridized orbital. 


(a) When the proton is removed, the resulting conjugate base is highly resonance-stabilized because the negative 


charge is spread over four nitrogen atoms and seven oxygen atoms. 


In addition, the inductive effects of the 


trifluoromethyl groups (-CF3) further stabilize the negative charge. 
(b) There are certainly many, many acceptable answers to this problem. Below are two separate modifications that 


would render the compound even more acidic: 


The OH group can be replaced with an SH group. Sulfur is larger than oxygen and more capable of stabilizing a 


negative charge: 
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Alternatively, the conjugate base could be further stabilized by spreading the charge over an even larger number of 
nitrogen and oxygen atoms. For example, consider the structural changes, highlighted here: 


ff 
Fsc-—S——N N—S—=N N—-S—CF3 
s DADI v. 
No "a NG ° g ee ~ Li 
ae N Jf ce 


These additional structural units would enable the conjugate base to spread its negative charge over six nitrogen atoms 
and nine oxygen atoms, which should be even more stable than being spread over four nitrogen atoms and seven 


oxygen atoms. 


3.26. 


The most acidic proton belongs to the carboxylic acid group (COOH). Deprotonation of this functional group 


gives a resonance-stabilized anion in which the negative charge is spread over two oxygen atoms. 


Amphotericin 


3.27. 

(a) We compare the bases on either side of the 
equilibrium. The first (left side) has a negative charge 
on a carbon atom, while the second (right side) has a 
negative charge on a nitrogen atom, so we turn to factor 
#1 (atom). Carbon and nitrogen are in the same row of 
the periodic table, so we compare their electronegativity 
values. Nitrogen is more electronegative than carbon, so 
a negative charge will be more stable on a nitrogen atom. 
As such, the reaction favors the products. 


3.28. 


B 


(b) We compare the bases on either side of the 
equilibrium. The base on the left side is a hydroxide ion, 
while the base on the right side is a resonance-stabilized 
anion, in which the negative charge is spread over one 
oxygen atom and three carbon atoms. The latter is more 
stable because of factor 2 (resonance). Therefore, the 
reaction favors the products. 


(a) First identify the acid and the base in the conversion of 2 into 3. Anion 2 has its negative charge on an oxygen 
atom, and this oxygen atom functions as a base and accepts a proton during the conversion of 2 to 3. The nearby 
hydroxyl group loses its proton during the reaction, thus it is functioning as the acid. 

To draw a mechanism, remember to use two curved arrows. The tail of the first curved arrow is placed on a lone pair 
from the base. The head of the arrow is placed on the proton of the acid. The tail of the second curved arrow is placed 
on the bond between the acidic proton and the attached oxygen atom. The head of that arrow is placed on the oxygen 
atom that receives the negative charge as a result of the process. 
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o. H ZN H ZN 
yee HO. |_c# 
N Or 
O ONO) :O oO. 0 
ZA ZA 


(b) Compare the stability of the negative charge in 2 with the negative charge in 3 using the four factors (ARIO). 
1. Atom. In each case, the negative charge is on an oxygen atom. Thus, the atom effect is not relevant. 


2. Resonance. 


The anionic oxygen in 2 has no resonance stabilization, because it is attached to an sp? 


hybridized carbon atom. In contrast, anion 3 is highly stabilized by resonance, as shown here. Notice that 
the negative is spread over many locations, including two oxygen atoms. 


3. Induction. The anionic oxygen in 2 is stabilized by the inductive effect of the nitrile nitrogen, the hydroxyl 
oxygen, and the ester oxygen atoms. However, each of these electronegative atoms are fairly far removed 
from the negative charge and thus probably play a minimal role in stabilizing 2. 

Anion 3 is also stabilized by the nitrile nitrogen and the other oxygen atoms in the molecule, but here the 
electronegative atoms are even more distant, thus the effects are even less than in 2. 


4.  Orbitals. Orbitals are not a relevant factor in this case. 


Recall that factors 1-4 are listed in order of priority. Thus, based on factor 2 (resonance), we would expect that anion 3 
should be significantly more stable than anion 2. The inductive effects that stabilize 2 are significantly less important 
than the resonance effects that stabilize 3. Therefore, the equilibrium should favor 3 over 2. 


3.29. 

(a) Yes, because a negative charge on an oxygen atom 
will be more stable than a negative charge on a nitrogen 
atom. 

(b) Yes, because a negative charge on a nitrogen atom 
will be more stable than a negative charge on an sp? 
hybridized carbon atom. 

(c) No, because a negative charge on an sp’ hybridized 
carbon atom will be less stable than a negative charge on 
a nitrogen atom. 

(d) No, because this base is resonance-stabilized, with 
the negative charge spread over two oxygen atoms and 
one carbon atom. Protonating this base with water 
would result in the formation of a hydroxide ion, which 
is less stable because the negative charge is localized on 
one oxygen atom. 


(e) Yes, because a negative charge on an oxygen atom 
will be more stable than a negative charge on a carbon 
atom. 

(f) Yes, because a negative charge on an sp hybridized 
carbon atom will be more stable than a negative charge 
on a nitrogen atom. 


3.30. 

(a) No, water will not be a suitable proton source to 
protonate this anion, because the anion is resonance- 
stabilized and is more stable than hydroxide. 

(b) No, water will not be a suitable proton source to 
protonate this anion, because the anion is resonance- 
stabilized and is more stable than hydroxide. 
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3.31. The CH3CH2 group in ethanol provides a small 
amount of steric bulk that is absent in water. As such, 
water is more acidic than ethanol (for the same reason 
that ethanol is more acidic than tert-butanol). Indeed, 
the pKa of water (15.7) is slightly lower than the pKa of 
ethanol (16). 


3.32. 

(a) A lone pair of the oxygen atom attacks the aluminum 
atom. AlCl; functions as the Lewis acid by accepting the 
electrons, and the ketone functions as the Lewis base by 
serving as an electron-pair donor. 


Clo 


= @__ Al 

‘O° Cl \ 

of N = Pe. 
+ 


Lewis Lewis 
base acid 


(b) A lone pair of the oxygen atom attacks a proton, as 
shown below. H30* functions as the Lewis acid by 
accepting the electrons, and the ketone functions as the 
Lewis base by serving as an electron-pair donor. 


Loy 


© -H 
O 


ʻO é 

At Sy Le 
H'® H 

Lewis Lewis 

base acid 


(c) A lone pair of a bromine atom attacks the aluminum 
atom. AlBr; functions as the Lewis acid by accepting the 


electrons, and molecular bromine (Br2) functions as the 
Lewis base by serving as an electron-pair donor. 


Br 
Br 
a | © | © 
Br—Br: + Al, x= Br—Br—AI—Br 
Br~  ~Br 
Lewis Lewis Br 
base acid 


(d) A lone pair of the oxygen atom attacks a proton, as 
shown below. H30* functions as the Lewis acid by 
accepting the electrons, and the ester functions as the 
Lewis base by serving as an electron-pair donor. 


DN 


P H 
xe) H oof 
PES toa Cae 
ON Hi `H 
OR H @ H OR 


Lewis Lewis 
base acid 


(e) A lone pair of the oxygen atom attacks the boron 
atom. BF3 functions as the Lewis acid by accepting the 
electrons, and the ketone functions as the Lewis base by 
serving as an electron-pair donor. 


R OF 
a @_-B 
SON o7 \ 
poPNE 
Lewis Lewis 
base acid 


3.33. AlCl; is a Lewis acid. That is, it is capable of accepting electron density. So we must inspect compound 1 and 
determine the locations of high electron density. There are two oxygen atoms that bear lone pairs, and either location 
could certainly function as a Lewis base to donate an electron pair. But let’s compare the structure of the complex that 


is obtained in each scenario. 


If the oxygen atom of the ether group (left) interacts with AlCls, the following complex is obtained: 


No resonance stabilization of 
the positive charge. 
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Notice that the positive charge in this complex is not resonance stabilized. In contrast, if the oxygen atom of the C=O 
bond interacts with AlCls, then the following resonance-stabilized complex is obtained: 


“O° 


“AIC 
o” 3 


As such, we expect the oxygen atom of the C=O group to interact with the AICl; to form the lower-energy, resonance- 
stabilized complex, show above. 
The major contributor is the one that exhibits filled octets: 


Kici 
8o 3 


All other resonance structures exhibit a C+, which lacks an octet of electrons. Those resonance structures are minor 
contributors to the resonance hybrid. 
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3.34. 

(a) The most acidic proton in the compound is the proton 
of the O-H group, because deprotonation at that location 
gives a conjugate base with a negative charge on an 
oxygen atom, shown below. Deprotonation at any other 
location would lead to a conjugate base with a negative 
charge on carbon (which is MUCH less stable). 


“~~ 


(b) The most acidic proton in the compound is attached 
to a carbon atom adjacent to the C=O group. 
Deprotonation at that location gives a resonance- 
stabilized conjugate base, shown below. Deprotonation 
at any other location would lead to a conjugate base that 
is not resonance-stabilized, and therefore much less 
stable. 
© 
Oo O 
Z 
Llo 


(c) Deprotonation of NH3 gives the following conjugate 
base. 


(d) Deprotonation of H3O* gives the following conjugate 
base. 


(e) The most acidic proton in the compound is the one 
attached to oxygen. Deprotonation at that location gives 
a resonance-stabilized conjugate base, in which the 
charge is spread over two oxygen atoms. 


z9 o° 
Ap nae Ay 


(f) The most acidic proton in the compound is the proton 
connected to nitrogen, because deprotonation at that 
location gives a conjugate base with a negative charge on 
a nitrogen atom, shown below. Deprotonation at any 
other location would lead to a conjugate base with a 
negative charge on carbon (which is less stable). 


© 
y N T 
(g) Deprotonation of NH4* gives the following conjugate 
base. 


3.35. 
(a) Protonation occurs at the site bearing the negative 
charge, giving the following compound: 


NN 
(b) Protonation gives the following ketone: 


O 


a 


(c) Protonation of H?N gives NH3: 


(d) Protonation of H20 gives H30*: 


1 
Ae 


H H 

(e) One of the lone pairs of the oxygen atom can serve 
as a base. Protonation gives the following oxonium ion 
(a cation in which the positive charge is located on an 


oxygen atom). 
A H 
O 


a 
| ©) 
H 


(f) The lone pair of the nitrogen atom can serve as a 
base. Protonation gives the following ammonium ion (a 
cation in which the positive charge is located on a 
nitrogen atom). 


(g) One of the lone pairs of the oxygen atom can serve as 
a base. Protonation gives the following resonance- 
stabilized cation. 


H 


a 


O 


d 
Er 


(h) Protonation of HO™ gives H20: 


3.36. The difference in acidity between compounds A 
and B is 10 — 7 = 3 pKa units. Each pKa unit represents 
an order of magnitude, so compound A is 1000 times 
more acidic than compound B. 
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3.37. 

(a) A lone pair of the oxygen atom attacks the 
carbocation (C+), as shown below. The carbocation 
functions as the Lewis acid by accepting the electrons, 
and ethanol (CH3CH20H) functions as the Lewis base by 
serving as an electron-pair donor. 


Lewis Lewis 
base acid 


(b) A lone pair of the oxygen atom attacks the boron 
atom. BF3 functions as the Lewis acid by accepting the 
electrons, and ethanol (CH3CH2OH) functions as the 
Lewis base by serving as an electron-pair donor. 


/ 
$ e B 
OH EO NE F-O°F 
Lewis Lewis 
base acid 


(c) A lone pair of a chlorine atom attacks the aluminum 
atom. AlCl; functions as the Lewis acid by accepting the 
electrons, and ethyl chloride (CH3CH2Cl) functions as 
the Lewis base by serving as an electron-pair donor. 


Cl 
Cl 
A Gi je Cl 
Cl + < = i 
/ ar Gi / | 
Lewis Lewis cl 
base acid 


3.38. The amide ion (H2N’) is a strong base, and in the 
presence of H20, a proton transfer reaction will occur, 
generating hydroxide, which is a more stable base than 
the amide ion (Factor #1: oxygen is more electronegative 
than nitrogen). The reaction will greatly favor products 
(ammonia and hydroxide). 


a | © 
No ON —> N + OH 


: o 
H“O~H H\f>H H~ `H 


3.39. No, the reaction cannot be performed in the 
presence of ethanol, because the leveling effect would 
cause deprotonation of ethanol to form ethoxide ions, 
and the desired anion would not be formed under these 
conditions. 


3.40. No, water would not be a suitable proton source in 
this case. This anion is the conjugate base of a 
carboxylic acid. The negative charge is resonance 
stabilized and is more stable than hydroxide. 


3.41. 

(a) Water functions as a base and deprotonates HBr. 
Two curved arrows are required. The first curved arrow 
shows a lone pair of the base attacking the proton, and 


CHAPTER 3 87 


the second curved arrow comes from the H—Br bond 
(being broken) and goes to the bromine atom, as shown: 


H 
a S | iS) 
ZOL + ue == O + Br 


H 


(b) Water functions as a base and deprotonates sulfuric 
acid (H2SO4). Two curved arrows are required. The first 
curved arrow shows a lone pair of the base attacking the 
proton. The second curved arrow comes from the O-H 
bond (being broken) and goes to the oxygen atom, as 
shown: 


(c) Water functions as a base and deprotonates this 
strong acid (See Table 3.1). Two curved arrows are 
required. The first curved arrow shows a lone pair of the 
base attacking the proton, and the second curved arrow 
comes from the O-H bond (being broken) and goes to 
the oxygen atom, as shown: 


H 
{. && i o 
— e! + 
H A H~@®~H A 
3.42. 


(a) Water functions as an acid in this case, by giving a 
proton to the strong base, as shown below. Two curved 
arrows are required. The first curved arrow shows a lone 
pair of the base attacking the proton, and the second 
curved arrow comes from the O-H bond (being broken) 
and goes to the oxygen atom, as shown: 


a 


(b) Water functions as an acid in this case, by giving a 
proton to the base, as shown below. Two curved arrows 
are required. The first curved arrow shows a lone pair of 
the base attacking the proton, and the second curved 
arrow comes from the O-H bond (being broken) and 
goes to the oxygen atom, as shown: 


[© 
E N =— Ao + OH 


(c) Water functions as an acid in this case, by giving a 
proton to the strong base, as shown below. Two curved 
arrows are required. The first curved arrow shows a lone 
pair of the base attacking the proton, and the second 
curved arrow comes from the O-H bond (being broken) 
and goes to the oxygen atom, as shown: 
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(d) Water functions as an acid in this case, by giving a 
proton to the strong base, as shown below. Two curved 
arrows are required. The first curved arrow shows a lone 
pair of the base attacking the proton, and the second 
curved arrow comes from the O-H bond (being broken) 
and goes to the oxygen atom, as shown: 


Ao Tn 
Eo | i 


i 
B N a + SoH 
3.43. 


(a) The second anion is more stable because it is 
resonance stabilized. 

(b) The second anion is more stable because the 
negative charge is on a nitrogen atom (factor #1 of 
ARIO), rather than an sp? hybridized carbon atom. 

(c) The second anion is more stable because the negative 
charge is on an sp hybridized carbon atom, rather than an 
sp? hybridized carbon atom. 


3.44. 

(a) The second compound is more acidic, because its 
conjugate base (shown below) has a negative charge on a 
sulfur atom, which is more stable than a negative charge 
on an oxygen atom (factor #1 of ARIO): 


i 


(b) The first compound (called phenol) is more acidic, 
because its conjugate base (shown below) is resonance 
stabilized (factor #2 of ARIO): 


‘OF o (0) 
Er 


ọ 
<I a Se 


K) 7O 


E 


O, 


(c) The conjugate base for each of these compounds is 
resonance-stabilized (as in part b of this problem). The 
difference between these compounds is the presence of 
electron-withdrawing chlorine atoms. The first 
compound is more acidic as a result of the combined 


inductive effects of the five chlorine atoms which 
stabilize the conjugate base shown below (factor #3 of 
ARIO). 


CI Cl 


Cl Cl 
Cl 


(d) The second compound is more acidic, because its 
conjugate base (shown below) has a negative charge 
associated with an sp hybridized orbital, while the first 
compound is less acidic because its conjugate base has a 
negative charge on a nitrogen atom. We learned that this 
example constitutes an exception to the order of 
priorities, ARIO. In this case, factor #4 (orbital) trumps 
factor #1 (atom). This exception applies whenever we 
compare a negative charge on an sp hybridized carbon 
atom and a negative charge on an sp’ hybridized nitrogen 
atom. 


Bro 


(e) The first compound is more acidic because its 
conjugate base (shown below) is resonance stabilized. 


œ 
a 
Ue s 


The conjugate base of the second compound is not 
resonance stabilized. 


O 


(£) The first compound is more acidic because its 
conjugate base (shown below) is resonance stabilized, 
and one of the resonance structures has the negative 
charge on an oxygen atom. The conjugate base of the 
second compound is not resonance stabilized (the 
negative charge would be localized on a carbon atom). 


© 


i — 


Co 


(g) The first compound is more acidic because its 
conjugate base (shown below) is resonance stabilized, 
and one of the resonance structures has the negative 
charge on an oxygen atom. 


The conjugate base of the second compound is not 
resonance stabilized (the negative charge would be 
localized on a carbon atom). 


www.MyEbookNiche.eCrater.com 


(h) The second compound is more acidic because its 
conjugate base is resonance-stabilized, with the negative 
charge being spread over two oxygen atoms (shown 
below). 
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3.45. NaA represents an ionic compound, comprised of 
cations (Na*) and anions (A7). When H-B is treated 
with A’, a proton can be transferred from H-B to A’, as 


shown in the following equilibrium: 


© 
fe) fe) 
T. : eS H—B + NE P H—A + NE :B> 
fe) pK, =15 


E pa=5 


The conjugate base of the first compound is also 
resonance stabilized, but the negative charge would be 
spread over an oxygen atom and a nitrogen atom, which 
is less stable than being spread over two oxygen atoms 
(because oxygen is more electronegative than nitrogen, 
as described in factor #1 of ARIO): 


The equilibrium will favor the weaker acid (the acid with 
the higher pXa value). In this case, the equilibrium 
favors formation of HA. 


3.46. 

(a) Water (H20) loses a proton and is therefore functioning as an acid. Two curved arrows must be drawn. The first 
curved arrow shows a lone pair of the base attacking the proton of water, and the second curved arrow comes from the 
O-H bond (being broken) and goes to the oxygen atom, as shown. The equilibrium favors the products, which can be 
determined by comparing the bases on either side of the equilibrium. Hydroxide is more stable, and the equilibrium 
favors the more stable base. Alternatively, we could compare the pKa values of the acids on either side of the 
equilibrium [H2O and (CH3)2CHOH] and we would arrive at the same conclusion (the equilibrium will favor the 
products in this case because the equilibrium favors the weaker acid). 


20. 
HAH 


(b) Two curved arrows must be drawn. The first curved arrow shows a lone pair of the base attacking the proton, and 
the second curved arrow comes from the S—H bond (being broken) and goes to the sulfur atom, as shown. The 
equilibrium favors the products, which can be determined by comparing the bases on either side of the equilibrium. A 
negative charge on a sulfur atom is expected to be more stable than the negative charge on an oxygen atom (factor #1 
of ARIO), and the equilibrium favors the more stable base. Alternatively, we could compare the pKa values of the 
acids on either side of the equilibrium and we would arrive at the same conclusion (the equilibrium will favor the 
products in this case because the equilibrium favors the weaker acid). 


\.© 
pee ee. 


OH 
W, [<N 


9 
=w rae + 


(c) Two curved arrows must be drawn. The first curved arrow shows a lone pair of the base (HS™ in this case) 
attacking the proton, and the second curved arrow comes from the S—H bond (being broken) and goes to the sulfur 
atom, as shown. The equilibrium favors the products, which can be determined by comparing the bases on either side 
of the equilibrium. The base on the right side of the equilibrium is resonance stabilized, with the negative charge being 
spread over two sulfur atoms. The base on the left side of the equilibrium is not resonance stabilized, and the negative 
charge is localized on one sulfur atom. The equilibrium favors the more stable, resonance-stabilized base. 


S 


haw e 


S 


S 


+ H2S 
Ao 2 


(d) Two curved arrows must be drawn. The first curved arrow shows a lone pair of the base (the nitrogen atom) 
attacking the proton, and the second curved arrow comes from the O-H bond (being broken) and goes to the oxygen 
atom, as shown. The equilibrium favors the products, which can be determined by comparing the bases on either side 
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of the equilibrium. Factor #1 of ARIO indicates that the product is favored in this case, because a negative charge is 


more stable on an oxygen atom than a nitrogen atom. 


H+ 
{ONS 


3.47. One of the anions is resonance stabilized, with the 
negative charge spread over two oxygen atoms. That 
anion is the weakest (most stable) base. Among the 
remaining three anions, they do not differ from each 
other in any of the four factors (ARIO), but they are 
expected to differ from each other in terms of solvent 
effects. That is, an anion will be less stable (stronger 
base) if it has steric bulk in close proximity with the 
negative charge. The steric bulk reduces the stability of 
the anion by limiting its ability to interact with solvent 
molecules, as described in Section 3.7. 


Increasing base strength 


> 
A o HO AP X 
oO o2 
3.48. 


(a) The proton highlighted below is expected to be the 
most acidic, because deprotonation leads to a conjugate 
base in which the negative charge is associated with an 
sp hybridized orbital. This case represents an exception 
to the ARIO priority scheme, because factor #4 (orbital) 
trumps factor #1 (atom). This exception applies 
whenever we compare a negative charge on an sp 
hybridized carbon atom and a negative charge on an sp? 
hybridized nitrogen atom. 


NH2 
=< 


(b) The proton highlighted below is expected to be the 
most acidic, because deprotonation leads to a conjugate 
base in which the negative charge is on a sulfur atom 
(more stable than being on an oxygen atom or a nitrogen 
atom, according to factor #1 of ARIO). 


(c) The proton highlighted below is expected to be the 
most acidic, because deprotonation leads to a resonance- 
stabilized conjugate base. 


(d) The proton highlighted below is expected to be the 
most acidic, because deprotonation leads to a resonance- 
stabilized conjugate base in which the negative charge is 
spread over two carbon atoms and one oxygen atom. 


H |H 


(e) The proton highlighted below is expected to be the 
most acidic, because deprotonation leads to a resonance- 
stabilized conjugate base in which the negative charge is 
spread over two oxygen atoms (factor #2 of ARIO). 


(f) The proton highlighted below is expected to be the 
most acidic, because deprotonation leads to a resonance- 
stabilized conjugate base in which the negative charge is 
spread over one carbon atom and one oxygen atom 
(factor #2 of ARIO). 


O 


CH 
tee 3 


H/H 


(g) There are three COOH groups, each of which bears 
an acidic proton. Removing any one of these protons 
will result in a resonance-stabilized conjugate base. 
Among these three protons, the highlighted proton is the 
most acidic because of the electron-withdrawing effects 
of the nearby chlorine atoms. When this proton is 
removed, the conjugate base is stabilized not only by 
resonance, but also by induction (factor #3 of ARIO). 


Cl 
Cl H 
O (6) 


HO 
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(h) The highlighted proton is expected to be the most 

acidic, because deprotonation leads to a conjugate base 

in which the negative charge is on a sulfur atom, which Ay me a g 
is more stable than being on an oxygen atom (factor #1 

of ARIO). 


3.49. 

(a) Acetic acid (CH3CO2H) loses a proton and is therefore functioning as an acid. Hydroxide (HO) functions as the 
base that removes the proton. Two curved arrows must be drawn. The first curved arrow shows a lone pair of the base 
attacking the proton, and the second curved arrow comes from the O-H bond (being broken) and goes to the oxygen 
atom, as shown. The equilibrium favors the products, because the base on the right side of the equilibrium is resonance 
stabilized and therefore more stable than a hydroxide ion. The equilibrium favors the more stable base. Alternatively, 
we could compare the pKa values of the acids on either side of the equilibrium and we would arrive at the same 
conclusion (the equilibrium will favor the products in this case because the equilibrium favors the weaker acid). 


+ 
\ 


Jie Oe = Ae o 
(@) s$ oO 
acid base 


(b) Water (H20) loses a proton and is therefore functioning as an acid. The carbanion (an anion in which the negative 
charge is on a carbon atom) functions as the base that removes the proton. Two curved arrows must be drawn. The 
first curved arrow shows a lone pair of the base attacking the proton, and the second curved arrow comes from the O-H 
bond (being broken) and goes to the oxygen atom, as shown. The reaction favors the products, because hydroxide is 
more stable than a carbanion (factor #1 of ARIO). Alternatively, we could compare the pKa values of the acids on 
either side of the equilibrium and we would arrive at the same conclusion (the reaction favors the products). In fact, the 
pKa values of H20 (15.7) and C4Hio (~50) are so vastly different that the reaction is essentially irreversible. 


O o 
IN 9 + “Ox —— ro IN ie OH 
base acid 


(c) Hydroxide (HO?) functions as a base and removes a proton from the acid. Two curved arrows must be drawn. The 
first curved arrow shows a lone pair of the base attacking the proton, and the second curved arrow comes from the C-H 
bond (being broken) and goes to the carbon atom, as shown. 


(©) Oo Oo O 
20H Brot o 
+ : = © + 
< = u” “y 
H H base 
acid 


Notice that the conjugate base is resonance stabilized, so its formation can alternatively be shown with more than two 
curved arrows (leading directly to the resonance structure that contributes the most character to the overall resonance 
hybrid). 


©) 
Oo Oo O O 
x Ə.. 
Pes is ‘eH m > Po j HON 
H H base 


acid 


The equilibrium favors the products, because the base on the right side of the equilibrium is resonance stabilized, with 
the negative charge spread over two oxygen atoms. This is more stable than the negative charge being localized on one 
oxygen atom, as in hydroxide. The equilibrium favors the more stable base. Alternatively, we could compare the pKa 
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values of the acids on either side of the equilibrium and we would arrive at the same conclusion. 


That is, the 


equilibrium will favor the products in this case because the equilibrium favors formation of the weaker acid (H20). 


3.50. Each of the carbon atoms is tetravalent; the sulfur 
atom is divalent; and each of the hydrogen atoms is 
monovalent. We begin by connecting the atoms that 
have more than one bond (in this case, the two carbon 
atoms and the sulfur atom). There are only two different 
ways that these three atoms can be connected to each 
other, shown below: 
C—S—-C C—C—S 

For each of these arrangements, we connect the 
hydrogen atoms, giving the following two constitutional 
isomers: 


An ^N sH 


The second isomer is more acidic because deprotonation 
of that isomer gives a conjugate base with a negative 
charge on a sulfur atom. The first compound above is 
less acidic, because its conjugate base would have a 
negative charge on a carbon atom, which is much less 
stable (factor #1 of ARIO). 


3.51. There are three constitutional isomers with the 
molecular formula C3HsO, shown here: 


OH 


A 


One of these compounds lacks an O-H group, so that 
compound will be the least acidic (its conjugate base will 
have a negative charge on a carbon atom). Of the two 
remaining compounds, the compound with the least 
branching will be the most acidic, because its conjugate 
base is the most stable (due to steric effects, discussed in 
Section 3.7). 


Son Or 


Increasing acidity 


NA oH aig 


3.52. 

(a) A carbon atom must have four sigma bonds in order 
to be sp? hybridized. There is only one such carbon 
atom in cyclopentadiene, highlighted below. 


H H 


Ò 


(b) The most acidic proton in cyclopentadiene is 
highlighted below: 


HH 


The corresponding conjugate base is highly resonance 
stabilized (see the solution to Problem 3.15c). In 
addition, the conjugate base is further stabilized by yet 
another factor that we will discuss in Chapter 18. 


(c) Deprotonation of cyclopentadiene gives a conjugate 
base that is highly stabilized by resonance, as shown 
here: 


A 


CS o 
| 


x 


O = e 


(d) There are no sp? hybridized carbon atoms in the 
conjugate base. All five carbon atoms are sp? 
hybridized. 


(e) All carbon atoms are sp? hybridized and trigonal 
planar. Therefore, the entire compound has planar 
geometry. 

(£) There are five hydrogen atoms in the conjugate base. 

H 
awn 
H H 

(g) As seen in the resonance structures (see the solution 


to part c of this problem), there is one lone pair in the 
conjugate base, and it is highly delocalized. 


3.53. We begin by drawing the conjugate base of each 
compound and comparing them: 


O 
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The first conjugate base is stabilized by resonance, while 
the second conjugate base is not. However, the second 
conjugate base exhibits a negative charge on a sulfur 
atom, which is larger than an oxygen atom. Therefore, 
there is a competition between two factors. Using the 
ARIO order of priority that is generally applied (“atom” 
is more important than “resonance”), we would expect 
that the second conjugate base should be more stable 
than the first. Yet, when we compare the pKa values, we 
find that our prediction is not correct. Therefore, this is 
an exception, in which “resonance” is more important 
than “atom.” 


3.54. In an intramolecular acid-base reaction, a proton is 
transferred from one region of the molecule to another 
region within the same molecule, because the acid and 
base are tethered together, as in this case. 


re) O 
ig ce 
n OH 
2o 


The equilibrium favors the product shown because the 
negative charge in the product is resonance-stabilized 
(factor 2), and the reaction will favor the formation of a 
weak base from a stronger one. 


3.55. Two possible explanations can be given: 

1) In salicylic acid, the inductive effect (electron- 
withdrawal) of the OH group is expected to be more 
pronounced because of its proximity to the site where 
deprotonation will occur. 

2) When salicylic acid is deprotonated, the resulting 
conjugate base can be significantly stabilized by 
intramolecular hydrogen bonding (this explanation is 
likely more significant than the first explanation): 


oO 


oH 


3.56. 

(a) We are looking for a constitutional isomer with an 
acidic proton. The following two compounds are both 
carboxylic acids, because in each case, the conjugate 
base is resonance stabilized, with the negative charge 
being spread over two oxygen atoms. Carboxylic acids 
typically have a pKa in the range of 4-5, while the 
structure shown in the problem statement is expected to 
have a pXa in the range of 16-18. Therefore, the 
structures shown here satisfy the criteria described in the 
problem statement (they are both expected to be 
approximately one trillion times more acidic that the 
structure shown in the problem statement). 
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wee or 
OH OH 


(b) The structure shown in the problem statement has an 
O-H group, and that proton is the most acidic proton in 
the compound. If we draw a constitutional isomer that 
lacks an O-H group, we would expect the resulting 
isomer to be significantly less acidic. The following two 
compounds fit this criterion. There are certainly many 
other constitutional isomers that also lack an O-H group, 
so there are many correct answers to this problem. 


C e 


(c) Each of the following two isomers are expected to 

have a pĶa value that is similar to the pKa of the structure 

shown in the problem statement, because each of these 

compounds possesses an O-H group. There are certainly 

many other constitutional isomers that also contain an O- 

H group, so there are many correct answers to this 
OH 


problem. 
OH 
cn g 
oO 


3.57. The four constitutional isomers are shown below. 


NO2 
wa NO2 


p NO2 > NO2 


The last compound is expected to have the highest pKa 
because its conjugate base is not resonance stabilized. 
The other three compounds have resonance-stabilized 
conjugate bases, for example: 


3.58. Compare the conjugate bases: 


N 6 N o 
Both are resonance stabilized. But the conjugate base of 


the first compound has a negative charge spread over 
two nitrogen atoms and two carbon atoms: 
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while the conjugate base of the second compound has a 
negative charge spread over one nitrogen atom and three 
carbon atoms: 


9 
N © © N— 
/ N NH <— (= 


Since nitrogen is more electronegative than carbon, 
nitrogen is more capable of stabilizing a negative charge. 
Therefore, the conjugate base of the first compound is 
more stable than the conjugate base of the second 
compound. As a result, the first compound will be more 
acidic. 


3.59. 

(a) The two most acidic protons are labeled Ha and Hb. 
Deprotonation at either site will lead to a resonance- 
stabilized anion in which the negative charge is highly 
delocalized (spread over many nitrogen atoms). 


Ha Hp 
| I 
N N N 
a 
Ch 
Ss d L 


rilpivirine 


nA 


(b) Ha is expected to be slightly more acidic than Hb, 
because removal of Ha produces a conjugate base that 
has one more resonance structure than the conjugate base 
formed from removal of Hb. The former has the negative 
charge spread over four nitrogen atoms and five carbon 
atoms, while the latter has the negative charge spread 
over four nitrogen atoms and four carbon atoms. 


3.60. 
(a) When R is a cyano group, the conjugate base is 
resonance stabilized: 


(b) There are many possible answers. Here is one 
example, for which the conjugate base has the negative 
charge spread over three nitrogen atoms, rather than just 
two nitrogen atoms: 


N=C—N H 
NY / 
C—N 
/ \ 

H H 


3.61. 

(a) The positively charged structure serves as the acid, 
while the lone pair on the nitrogen atom serves as the 
base. Two curved arrows are required. The first curved 
arrow shows a lone pair of the base attacking the proton, 
and the second curved arrow comes from the O-H bond 
(being broken) and goes to the oxygen atom, as shown: 


Si 
Pe aes 
Yor Lo 
Acid Ho @~~ > 


Base 
si ` 

P iti o oN o^ 

Z + yA 

SA 

Pa J 

; (0) O 
Conjugate Base >< N Conjugate Acid 


(b) Using the pKa table on the inside cover of the 
textbook, we see that oxonium ions have a pKa of 
approximately -2, while ammonium ions have a pKa of 
approximately 11. Therefore, we expect the former to be 
13 orders of magnitude more acidic than the latter, and 
as such, the acid-base reaction above will significantly 
favor the products. 


3.62. Let’s estimate the relative acidity of the protons in the compound by comparing them to similar acids in Table 
3.1. We focus on the protons directly bound to electronegative heteroatoms (O, N, etc) and protons bound to non-sp? 
carbons. Three of the four most acidic protons are directly comparable to acids in Table 3.1. Note that the pKa values 
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shown are not meant to be precise (due to other structural factors that can affect these values), but rather, they should 
be considered as rough approximations. 


Similar to CH3CO2H 
predicted pK, ~4.75 


9 Similar to HCCH 


N predicted pKa ~25 
oS 


ff 7 


Bees oe 4.75 < predicted pKa < 19.2 
P Pisa (see text below for explanation) 


The proton on the nitrogen atom adjacent to the C=O group is also a good candidate for one of our four most acidic 
protons, because it is bound to an electronegative atom (nitrogen). In this case there is no obvious molecule of 
comparison in Table 3.1. However, we can still make a reasonable prediction of pKa range by using our knowledge of 
the relationship between structure and acidity. First of all, we can predict that the pKa of the indicated proton is greater 
than 4.75 by making the following comparison: 


Age Ay dat Ay 


This anion has two resonance In this case, the negative charge is shared between 
structures, each with a negative nitrogen and oxygen. Therefore, this anion is 
charge on oxygen. predicted to be /ess stable than the anion to the left. 

(Nitrogen is less electronegative than oxygen, so it 
[The pK, of the conjugate acid is not as stable with a negative charge.) 


of this anion is 4.75] 
[The pK, of the conjugate acid of this anion is 
predicted to be >4.75] 


A second comparison with another molecule in Table 3.1 allows us to predict that the pKa of the proton of interest is 
lower than 19.2. 


ga Be Wy AWA 


This anion has two resonance In this case, the negative charge is shared between 
structures, with the negative nitrogen and oxygen. This anion is predicted to be 
charge spread over carbon and more stable than the anion to the left. (Nitrogen is 
oxygen. more electronegative than carbon and therefore 


more stable with a negative charge.) 

[The pKa of the conjugate acid 

of this anion is 19.2] [The pKa of the conjugate acid of this anion is 
predicted to be <19.2] 


After determining the approximate pĶa values for each of the four most acidic protons, we can now rank them in order 
of increasing acidity. Recall that the lowest pKa value is associated with the most acidic proton: 


Increasing acidity J 


-< 


A B c D z 5 
(pKa ~4.75) pKa (5-19) (pKa ~25) (pKa ~38) aa oa I 
Most acidic Least acidic T i 

Cc 
B 
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3.63. All significant resonance structures for anion 1 are 
shown here: 


Only one of these structures has the negative charge on 
an oxygen atom. The other resonance structures have a 
negative charge on a carbon atom. Since oxygen is more 
electronegative than carbon, oxygen is more capable of 
stabilizing the charge. Therefore, the following 
resonance structure will contribute the most character to 
the resonance hybrid. The other resonance structures are 
all minor contributors. 


of 
ONY 
A 
o~ 
major contributor 


3.64. 

(a) As seen in Table 1.1, the electronegativity value for 
carbon is 2.5, while the electronegativity value for 
magnesium is only 1.2. The difference (1.3) is 
significant, and as explained in Section 1.5, this bond can 
be drawn as either covalent or ionic: 


MgBr @MgBr 


3 3 


When drawn in this way, the anion exhibits a negative 
charge on a carbon atom (called a carbanion), which is a 
very strong base (because it is the conjugate base of a 
very, very weak acid). If compound 3 were treated with 
H20, we would expect the following proton-transfer 
reaction: 


® 
MgBr H 
AN, “SH — N + HO MgBr 
3 pKa = 15.7 pKa = 53 


This reaction would be irreversible as a result of the 
enormous difference in pKa values (see inside cover of 
the textbook for a table of pKa values). In a similar way, 
if compound 3 is treated with D20, rather than H20, the 
following irreversible reaction occurs, in which a 
deuteron (rather than a proton) is transferred: 


@ 
MgBr D 
. bnr o0 © 
A Bp — pe + DO MgBr 
3 4 


(b) As explained in Section 14.3, signals associated with 
the stretching of single bonds generally appear in the 
fingerprint region of an IR spectrum (400 — 1500 cm’), 
while signals associated with the stretching of double 
bonds and triple bonds appear in the diagnostic region 
(1500 — 4000 cmr!). Notable exceptions are C-H bonds, 
which produce high-energy signals in the diagnostic 
region (2800 — 3000 cmr!). This is explained in Section 
14.3, by exploring the following equation, derived from 
Hooke’s law: 


mym2 \ 


reduced mass = | 
mı + m2} 


Specifically, mass is found in the denominator, rather 
than the numerator, and as such, atoms with lower mass 
produce higher energy signals. Hydrogen has the 
smallest mass of all atoms, which explains why C-H 
bonds appear in the range 2800 — 3000 cm!. Extending 
this logic, a C-D bond is also expected to produce a 
higher energy signal, although not quite as high as C-H, 
because D has greater mass than H. So, we expect the C- 
D signal to appear somewhere below 2800 cm, but still 
within the diagnostic region (greater than 1500 cm’). 
There is only one signal in the IR spectrum of compound 
4 that fits this description, and that is the signal at 2180 
em, 

Also, 2180 cm”! is in the region of the IR spectrum where 
signals for triple bonds are expected to appear (2100 — 
2300 cmt). But we know that compound 4 lacks a triple 
bond. So this signal must be attributed to something 
else, and the C-D bond is the only candidate, because the 
C-H bonds appear in the range 2800 — 3000 cm’! and the 
C-C bonds appear in the range between 1250 and 1500 
em, 
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3.65. 

(a) The lone pair in compound 4 functions as a base and 
deprotonates intermediate 3. This requires two curved 
arrows, as shown: 


Messi. ® N 


Ph~ `o 
On O — OSiMe 
ha 3 
Ph 
Me N Me 
| SS 
L 
4 
Me3Si 
o “So OMe 
en 2 Ph 
On „O  OSiMe, 
bg z 
Ph Me. „NÊ Me 
SS 
: | 
Z 


(b) If we consult the pKa table found in the inside cover 
of the textbook, we find the following entries: 


Yo 


pK, ~ 3.4 


R 
\ 
oo 
pKa ~—-3.6 


Notice that the first cation (an oxonium ion) has a pKa 
value of approximately -3.6, while the second cation (a 
pyridinium ion) has a pKa value of 3.4. The difference 
between them is seven pKa units. In other words, an 
oxonium ion is approximately 107 (or 10,000,000) times 
more acidic than a pyridinium ion. Since a proton 
transfer step will proceed in the direction that favors the 
weaker acid, we expect compound 4 to be successful in 
deprotonating intermediate 3 to give compound 5. 


(c) The conversion of 1 to 5 involves the loss of an O-H 
bond. That is, the IR spectrum of compound 1 should 
exhibit a broad signal between 3200 and 3600 cm", due 
to the O-H stretching vibration. This signal is expected 
to be absent in the IR spectrum of compound 5, which 
lacks an O-H bond. This can be used to verify that the 
desired reaction has occurred. Specifically, the 
disappearance of the O-H signal indicates the conversion 
of 1 to 5. 
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3.66. We begin by drawing methyl magnesium bromide 
(CH3MgBr): 
i 
a pa MgBr 
H 


The difference in electronegativity between C and Mg is 
so great, that the C-Mg bond is sometimes drawn as 
ionic: 


j ' 
H—C—MgBr = H-c9 OMgBr 
H H 


A carbanion (negative charge on C) is highly unstable. 
That is, the carbanion is a very strong base. However, as 
a result of the levelling effect, a base stronger than 
hydroxide is not possible in the presence of water. When 
treated with water, the carbanion above will be 
irreversibly protonated, giving hydroxide (highlighted 
below). The correct answer is (c). 


H H 
| R | O4 

Hc? + N ZOS, —> H-C-H + “OH 
1 HÍJ`H i Q 


3.67. We compare the bases on either side of the 
equilibrium. On the left side, the base is hydroxide 
(HO). On the right side, the base is a resonance- 
stabilized anion, with the negative charge delocalized 
over two oxygen atoms and one carbon atom: 


čo 9 07 oN o 36: 
po eo 


A negative charge will be more stable when it is 
delocalized over two oxygen atoms, rather than being 
localized on one oxygen atom (HO). The resonance- 
stabilized anion (above) will be more stable than 
hydroxide, and the equilibrium will favor the more stable 
base. Therefore, the correct answer is (a). 


3.68. The conjugate base of (a) is HS~, which is more 
stable than HO, because of factor #1 (the atom bearing 
the charge). Therefore, H2S is expected to be more 
acidic than H20. 

The conjugate base of (b) is resonance stabilized, with 
the negative charge being spread over two oxygen atoms: 


This resonance-stabilized anion will be more stable than 
hydroxide. Therefore, (b) is more acidic than water. 
Answer (d) is also more acidic than water, because its 
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conjugate base is resonance-stabilized, with the negative 
charge delocalized over two oxygen atoms: 


AON Po n = 5 


The correct answer is (c). As a result of solvent effects, 
tert-butanol is less acidic than water. 


3.69. Each of the first three structures has a localized 
lone pair and can therefore function as a Lewis base: 


H H 
lis ig 
HaC OH H~ ~H N 

i H7""~H 


The final structure (CH4) does not possess a lone pair, 
and therefore cannot function as a Lewis base. 


3.70. 

(a) One of the lone pairs on the ketone group functions 
as a base and abstracts a proton from p-TsOH. Two 
curved arrows are required, as shown: 


oi 
@) 
lI 
oy wl 
© I 
O 
(©) 

OH 

O 


PP a 3o- "p: 
O- 


(b) Consult the pKa table in the front cover of the 
textbook. Benzenesulfonic acid has a pKa of —0.6: 


Il 
O 
benzenesulfonic acid 
pKa = -0.6 


p-TsOH is structurally similar to benzenesulfonic acid 
(the only difference is the presence of a methyl group), 


f I 
Cnt e 
oO (0) 


benzenesulfonic acid para-toluenesulfonic acid 
so we expect the pKa of p-TsOH to be somewhere near 
—0.6. In contrast, the protonated ketone will have a pKa 
that is approximately —7.3 (as seen in the pKa table in the 
front cover of the textbook). 


© 
OH 


HC o 
\=0H 
0) 
H3C 


O- 


As such, the protonated ketone is more acidic, which 
means that the equilibrium will not favor the protonated 
ketone. That is, there will be very little protonated 
ketone present at any moment in time. In Chapter 19, we 
will see that the presence of even a catalytic amount of 
protonated ketone is sufficient to achieve the 
transformation shown in the problem statement. 


pKa = -7.3 


3.71. 

(a) If we take the structure of 1, as drawn, and rotate it 
180 degrees, the same image is obtained. As such, there 
are only four different locations (rather than eight) where 
deprotonation can occur. 


The most acidic proton is the one whose removal 
generates a resonance-stabilized conjugate base. 


O N 
r 
n So 
| wa 
o 
o] N O N 
Tle H am H 
N~ So N~ So 
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(b) Quantitative argument: Comparing the pKa values 
on the inside cover of the textbook, we see that amines 
(pKa ~ 38—40) are significantly less acidic than ketones 
(16-19), or esters (24-25), both of which bear an acidic 
proton on the carbon atom connected to the C=O group, 
allowing for a resonance stabilized conjugate base. 


o o 
A A, 
H H 
pK, ~ 16-19 pKa ~ 24-25 


With this in mind, it is reasonable to expect the 
following proton of an amide to exhibit a lower pKa than 
an amine: 

O 


A NR2 


H 


As such, the conjugate base of this compound should be 
more stable than the conjugate base of an amine. 
Therefore, LDA should be strong enough to remove a 
proton from compound 1. 


Qualitative argument: Compare the structures of the 
anions. LDA exhibits a negative charge that is localized 
on a nitrogen atom. In contrast, the conjugate base of 1 
is resonance-stabilized, with a major resonance 
contributor that places the negative charge on the more 
electronegative oxygen atom. As such, the conjugate 
base of 1 is more stable than LDA, so LDA should be a 
suitable base. 


3.72. 
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(c) LDA functions as a base and deprotonates compound 
1. This proton transfer step can either be drawn with two 
curved arrows, like this, 


A 
C 

QX 
O 


LO 


Pa 

© 

T 

I 

a) 

O = ° 


i 
E 
+ 
=E 


(a) As seen in the previous problem, LDA (compound 2) is a very strong base because it has a negative charge on a 
nitrogen atom (much like NaNHz2). So it will deprotonate compound 1 to give an anion. The most acidic proton in 
compound 1 is connected to the carbon atom adjacent to the C=O bond, since deprotonation at that location generates a 


resonance-stabilized conjugate base: 


H3CO H3CO 


T 


HCO 


(b) Anion 3 is produced via a proton transfer step, in which the base removes a proton from compound 1. The 


mechanism for this step requires at least two curved arrows: 
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H3CO H3CO 
3 = 
# pA pA % pa L 
Oon wake LN: oe. O wake N? 
© | 
H 
H 1 2 © 3a 


Notice that these two curved arrows lead to resonance structure 3a. Alternatively, the mechanism can be drawn with 
three curved arrows, which leads to resonance structure 3b: 


n H3CO 
E 
1, 
© liy pa A 
O = O ie he 
H 


3b 


To evaluate the position of equilibrium for this process, we compare the pXa values for the acid on either side of the 
equilibrium (compound 1 on the left, and R2NH on the right). Clearly, we are not going to find the structure of 
compound 1 in Table 3.1. However, we can see from Table 3.1 that a proton connected to a carbon atom adjacent to 
the C=O bond of a ketone typically has a pKa of approximately 19. In contrast, an amine is expected to have a pKa near 
38: 


O 
R R 
AE 
H H H 
pKa ~ 19 pK, ~ 38 


Notice that a ketone is significantly more acidic than an amine. The difference in acidity is approximately 21 pKa units. 
In other words, a ketone is expected to be approximately 107! times (1,000,000,000,000,000,000,000 times) more 
acidic than an amine. Since the difference is so large, we can treat this proton transfer step as irreversible. 


(c) Compound 6 bears a negative charge on a nitrogen atom, which is generally fairly unstable. However, this anion is 
stabilized by several factors. The charge is delocalized into the neighboring triflate (Tf) group via resonance: 


re) :0: o 

ic) 5 ee . Tl 
Nys Crs a N=S—CF, <—> N=S—CF; 

O Ço Oo 


And the charge is further delocalized into the ring via resonance: 


In total, the negative charge is spread over three carbon atoms, one nitrogen atom, and two oxygen atoms. The charge 
is therefore highly delocalized. 

In addition, the electronegative fluorine atoms in the triflate group withdraw electron density via induction, thereby 
stabilizing the negative charge even further. As such the negative charge in this case is stabilized by resonance as well 
as induction, and is therefore highly stabilized. 
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3.73. The conjugate base of compound 5 possesses many resonance contributors. The negative charge can be 
delocalized into both aromatic rings and so the conjugate base is highly stabilized. Notice, however, that the placement 
of the negative charge is exclusively on carbon atoms in the ring and never on an electronegative atom such as an 
oxygen atom that can better stabilize the charge. 


CLO -aF ~ CLO’ - 


In contrast, in the conjugate base of 6, the negative charge is delocalized onto the carbonyl oxygen atom: 


<a etc. 


We now have to contend with two competing arguments: on the one hand, the conjugate base of 6 should be more 
stable than the conjugate base of 5 because the former has a resonance structure in which the negative charge is on an 
oxygen atom, while the latter lacks such a resonance structure. On the other hand, the conjugate base of 5 has more 
resonance structures (seven) than the conjugate base of 6 (which has only five resonance structures). In other words, is 
it more stable to spread a negative charge over seven carbon atoms or to spread the negative charge over four carbon 
atoms and an oxygen atom? The table of pKa values will give us guidance on this question. It is apparent that 
compounds 1 and 3 represent the comparison we are asked to make in this problem. The conjugate base of compound 1 
involves delocalization of the negative charge into the keto group while that of compound 3 will involve the aromatic 
ring. From the given pKa values, it is clear that the keto group is more acidifying than the phenyl group. So, it is 
reasonable to conclude that the same trend must hold when comparing the acidities of 5 and 6. Therefore, the keto 
group of the conjugate base of 6 is better able to stabilize the negative charge than the phenyl group of the conjugate 
base of 5, despite the fact that there are overall more resonance contributors in the latter than the former. 
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Chapter 4 
Alkanes and Cycloalkanes 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 4. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 
Vocabulary. 


Hydrocarbons that lack are called saturated hydrocarbons, or 
provide a systematic way for naming compounds. 
Rotation about C-C single bonds allows a compound to adopt a variety of 
projections are often used to draw the various conformations of a compound. 
conformations are lower in energy, while conformations are 
higher in energy. 
The difference in energy between staggered and eclipsed conformations of ethane is referred to as 
strain. 
strain occurs in cycloalkanes when bond angles deviate from the preferred 
The conformation of cyclohexane has no torsional strain and very little angle strain. 
The term ring flip is used to describe the conversion of one conformation into the 
other. When a ring has one substituent...the equilibrium will favor the chair conformation with 
the substituent in the position. 


o 


Review of Skills 


Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 
the end of Chapter 4. The answers appear in the section entitled SkillBuilder Review. 


SkillBuilder 4.1 Identifying the Parent 


IDENTIFY THE 
PARENT IN EACH OF 
THE FOLLOWING 
COMPOUNDS. 


SkillBuilder 4.2 Identifying and Naming Substituents 


STEP 1 - IDENTIFY THE PARENT STEPS 2 AND 3 - CIRCLE AND NAME ALL ALKYL SUBSTITUENTS 
IN THE FOLLOWING COMPOUND CONNECTED TO THE PARENT 


SkillBuilder 4.3 Identifying and Naming Complex Substituents 


— yy 
PROVIDE A NAME FOR THE FOLLOWING [ 
COMPLEX SUBSTITUENT (HIGHLIGHTED) 
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SkillBuilder 4.4 Assembling the Systematic Name of an Alkane 


1) IDENTIFY THE PARENT 
2) IDENTIFY AND NAME SUBSTITUENTS 


PROVIDE A SYSTEMATIC NAME FOR THE FOLLOWING COMPOUND 


4) ALPHABETIZE 


3) ASSIGN LOCANTS TO EACH SUBSTITUENT 


SkillBuilder 4.5 Assembling the Name of a Bicyclic Compound 


1) IDENTIFY THE PARENT 
2) IDENTIFY AND NAME SUBSTITUENTS 


PROVIDE A SYSTEMATIC NAME FOR THE FOLLOWING COMPOUND 


4) ALPHABETIZE 


3) ASSIGN LOCANTS TO EACH SUBSTITUENT 


SkillBuilder 4.6 Identifying Constitutional Isomers 


DETERMINE IF THESE TWO 
COMPOUNDS ARE THE SAME 
BY ASSIGNING A SYSTEMATIC 
NAME TO EACH AND THEN 
COMPARING THEM. 


J 


SkillBuilder 4.7 Drawing Newman Projections 


STEP 1- IDENTIFY THE THREE GROUPS 
CONNECTED TO THE FRONT CARBON ATOM 


STEP 2 - IDENTIFY THE THREE GROUPS 
CONNECTED TO THE BACK CARBON ATOM 


STEP 3 - ASSEMBLE THE 
NEWMAN PROJECTION 
FROM THE TWO PIECES 
OBTAINED IN THE 
PREVIOUS STEPS 


Cy 


SkillBuilder 4.8 Identifying Relative Energy of Conformations 


BOND INDICATED 


es 


STEP 1- DRAW A STEP 2 - DRAW ALL THREE STAGGERED STEP 3- DRAW ALL THREE ECLIPSED 
NEWMAN CONFORMATIONS AND DETERMINE 
PROJECTION WHICH ONE HAS THE FEWEST OR LEAST 
LOOKING DOWN THE | SEVERE GAUCHE INTERACTIONS 


CONFORMATIONS AND DETERMINE WHICH ONE 
HAS THE HIGHEST ENERGY INTERACTIONS 


Q 


O 
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SkillBuilder 4.9 SkillBuilder 4.10 
Drawing a Chair Conformation Drawing Axial and Equatorial Positions 


DRAW A CHAIR CONFORMATION 


DRAW A CHAIR CONFORMATION SHOWING ALL SIX AXIAL 
POSITIONS AND ALL SIX EQUATORIAL POSITIONS 


SkillBuilder 4.11 Drawing Both Chair Conformations of a Monosubstituted Cyclohexane 


DRAW BOTH CHAIR CONFORMATIONS OF BROMOCY CLOHEXANE 


SkillBuilder 4.12 Drawing Both Chair Conformations of Disubstituted Cyclohexanes 


DRAW BOTH CHAIR 
CONFORMATIONS OF THE 
FOLLOWING COMPOUND 


Et 


w 


“Me 


SkillBuilder 4.13 Drawing the More Stable Chair Conformation of Polysubstituted Cyclohexanes 


DRAW BOTH CHAIR 
CONFORMATIONS OF 
THE FOLLOWING 
COMPOUND AND 
DETERMINE WHICH 
ONE IS MORE STABLE 


Et m 


Me 


cr” 


Common Mistakes to Avoid 


You might find that you struggle with problems that ask you to draw constitutional isomers. Don’t be 
discouraged. Many students struggle with drawing constitutional isomers. In particular, it is sometimes 
difficult to find ALL of the constitutional isomers with a particular molecular formula, and it is also 
difficult to avoid drawing the same compound more than once. However, these skills will be critical as we 


progress through the upcoming chapters. So, in order to get more proficient with constitutional isomers, do 
the following: 


1) Skip to Section 14.16 of your textbook, and read that entire section (it is only a few pages, and 
you do not need any background to understand that section in its entirety). Then, do 
SkillBuilder 14.4, including all of the problems in that SkillBuilder. 
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2) Review the methodical approach for drawing constitutional isomers that is presented in the 
solution to problem 4.3. 

3) Try to do problem 4.15, using the approach outlined in the solution to problem 4.3, and then 
check the solution to problem 4.15 to make sure that you applied the approach correctly. 


If you complete the three tasks above, you should gain confidence in your ability to draw constitutional 
isomers and to avoid drawing the same isomer twice. 


Solutions 

4.1. regardless of which chain we choose, the correct parent 
(a) The longest chain is six carbon atoms (shown below), chain is the one with the most substituents, shown below 
so the parent is hexane: (this will be important later when we must use the 


numbering scheme to identify the locations of the 
substituents connected to the chain): 


Parent = hexane 


(b) The longest chain is seven carbon atoms (shown 


below), so the parent is heptane: Parent = heptane 
1 (g) This compound has a five-membered ring (shown 
As ae below), so the parent is cyclopentane: 
Parent = heptane 5 


Q 


(c) The longest chain is seven carbon atoms (shown 
below), so the parent is heptane: 3 
Parent = cyclopentane 


2 


(h) This compound has a seven-membered ring (shown 
below), so the parent is cycloheptane: 


Parent = heptane 
(d) The longest chain is nine carbon atoms (shown w 
below), so the parent is nonane: 
Parent = cycloheptane 


(i) This compound has a three-membered ring (shown 
below), so the parent is cyclopropane: 


3 


Parent = nonane 
> 1 


(e) The longest chain is eight carbon atoms (shown z 
below), so the parent is octane: Parent = cyclopropane 


4.2. Each of the following two compounds has a parent 
chain of eight carbon atoms (octane). The other two 
compounds that appear in the problem statement (not 
shown here) have parent chains of seven and nine carbon 
atoms, respectively. 


Parent = octane 


(f) The longest chain is seven carbon atoms, so the 
parent is heptane. In this case, there is more than one 


seven-carbon chain. While the parent will be heptane Parent = octane Parent = octane 
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4.3. Recall that constitutional isomers are compounds 
that have the same molecular formula but differ in their 
constitution (connectivity of atoms). We must draw all 
constitutional isomers of hexane. Hexane is a linear 
chain of six carbon atoms: 


7246 


1 3 5 


The first step is to look for any constitutional isomers 
where the parent is pentane (five carbon atoms). There 
are only two such isomers. Specifically, we can either 
connect the extra CH3 group to positions C2 or C3 of the 
pentane chain: 


Pee 2 4 
1 3 5 1 3 5 


We cannot connect the CH; group to positions C1 or CS, 
as that would simply give us the linear chain (hexane), 
which we already drew (above). We also cannot connect 
the CH; group to position C4 as that would generate the 
same structure as placing the CH3 group at the C2 
position: 


hes = Pe 
1 3 5 5 3 1 


Next, we look for any constitutional isomers where the 
parent is butane (four carbon atoms). There are only two 
such isomers. Specifically, we can either connect two 
CH; groups to adjacent positions (C2 and C3) or the 


same position: 
p 
1 3 


If we try to connect a CH3CH2 group to a butane chain, 
we end up with a pentane chain (an isomer already 


drawn above): 
1 
2 
= 3 
2 4 = 5 
4 
In summary, we have found the four isomers of hexane 


1 3 
(two pentanes and two butanes): 


~~ an 


pentanes 


X 


butanes 


4.4. 

(a) First, we identify the parent (nonane), and then we 
identify any alkyl substituents (highlighted) that are 
connected to the parent. 


methyl 
methyl 
methyl ethyl 


(b) First, we identify the parent (nonane), and then we 
identify any alkyl substituents (highlighted) that are 
connected to the parent. 


methyl 


propyl 


(c) First, we identify the parent (undecane), and then we 
identify any alkyl substituents (highlighted) that are 
connected to the parent. 
methyl 
ethyl methyl 


ethyl 
methyl 


4.5. First identify the parent by looking for the longest 
chain. In this case, there are two paths of equal length, 
so we choose the path with the greatest number of 
branches, as indicated below in bold. 


<x 


The parent has eight carbon atoms (octane). Everything 
connected to the chain is a substituent, and we use Table 
4.2 to name each substituent: 


ethyl 
methyl 


methyl 


4.6. 

(a) First we identify the parent chain (heptane), and then 
we identify any alkyl substituents connected to the 
parent. In this case, the substituent (highlighted) is 
complex, so we treat it as a “substituent on a 
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substituent,” and we assign a name based on numbers 
going away from the parent: 


Systematic = (1,1-dimethylethyl) 
2 Common = tert-butyl 


(b) First we identify the parent chain (nonane), and then 
we identify any alkyl substituents connected to the 
parent. In this case, one of the highlighted substituents is 
complex, so we treat it as a “substituent on a 
substituent,” and we assign a name based on numbers 
going away from the parent: 


Systematic = (1-methylethyl) 
Common = isopropyl 


Systematic = methyl 
Common = methyl 


(c) First we identify the parent chain (nonane), and then 
we identify any alkyl substituents connected to the 
parent. In this case, the substituent (highlighted) is 
complex, so we treat it as a “substituent on a 
substituent,” and we assign a name based on numbers 
going away from the parent: 


Systematic = (2,2-dimethylpropyl) 


ao Common = neopentyl 


(d) First we identify the parent chain (cyclohexane), and 
then we identify any alkyl substituents connected to the 
parent. In this case, all four substituents (highlighted) 
are complex, so we treat each of them as a “substituent 
on a substituent,” and we assign a name based on 
numbers going away from the parent: 


Systematic = (1-methylethyl) 
Common = isopropyl 


Systematic = (2-methylpropyl) 
Common = isobutyl 


Systematic = (1-methylpropyl) 
Common = sec-butyl /3 


2 


Systematic = (1,1-dimethylethyl) 
Common = tert-butyl 


4.7. We treat this complex substituent as a “substituent 
on a substituent.” The longest chain that starts at the 
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attachment point has six carbon atoms, so this is a hexyl 
group. Then we assign numbers such that the attachment 
point is carbon 1. With this numbering scheme, shown 
below, there are two methyl substituents at positions 1 
and 5, so the name of the side chain is (1,5- 
dimethylhexy]). 


2 
methyl ie 
yw methyl 


systematic name = (1,5-dimethylhexyl) 


4.8. For each of the following compounds, we assign its 
name via a four-step process: First identify the parent, 
then the substituents, then assign locants, and finally, 
arrange the substituents alphabetically. In each case, use 
commas to separate numbers from each other, and use 
hyphens to separate letters from numbers. 


(a) 3,4,6-trimethyloctane 

(b) sec-butylcyclohexane 

(c) 3-ethyl-2-methylheptane 

(d) 3-isopropy]-2,4-dimethylpentane 

(e) 3-ethyl-2,2-dimethylhexane 

(£) 2-cyclohexyl-4-ethy1-5,6-dimethyloctane 
(g) 3-ethyl-2,5-dimethyl-4-propylheptane 
(h) 2,2,6,6,7,7-hexamethylnonane 

(i) 4-tert-butylheptane 

(j) 1,3-diisopropylcyclopentane 

(k) 3-ethyl-2,5-dimethylheptane 


4.9. 


(a) The name indicates that the parent is a five-carbon 
chain and there are three substituents (a methyl group at 
C2, an isopropyl group at C3 and another methyl group 
at C4): 


(b) The name indicates that the parent is a six-carbon 
chain and there are two substituents (a methyl group at 
C2 and an ethyl group at C4): 


(c) The name indicates that the parent is a three- 
membered ring and there are four substituents (all methyl 
groups), as shown: 

3 


os 
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4.10. For each compound, we assign its name in the 
following way: First identify the parent, then the 
substituents, and then assign locants (the final step, 
arranging the substituents alphabetically, is not needed 
for any of these examples). In each case, use commas to 
separate numbers from each other, and use hyphens to 
separate letters from numbers. 


(a) 2,2-dimethylundecane 
(b) 2-methyldodecane 

(c) 2,2-dimethyloctane 
(d) butylcyclohexane 


4.11. For each of the following compounds, we 
assign its name via a four-step process: First identify the 
parent, then the substituents, then assign locants, and 
finally, arrange the substituents alphabetically. When 
assigning locants, make sure to start at a bridgehead and 
continue numbering along the longest path to the second 
bridgehead. Then continue assigning locants along the 
second longest path, and then finally, along the shortest 
path that connects the two bridgehead positions. 


(a) 4-ethyl-1-methylbicyclo[3.2.1]octane 

(b) 2,2,5,7-tetramethylbicyclo[4.2.0]octane 
(c) 2,7,7-trimethylbicyclo[4.2.2]decane 

(d) 3-sec-butyl-2-methylbicyclo[3.1.0]hexane 
(e) 2,2-dimethylbicyclo[2.2.2]octane 


4.12. 
(a) The name indicates a bicyclic parent with two methyl 
groups at C2 and two methyl groups at C3, as shown: 


(b) The name indicates a bicyclic parent with two ethyl 
groups at C8, as shown: 


(c) The name indicates a bicyclic parent with an 
isopropyl group at C3, as shown: 


4.13. The bicyclic parent contains eight carbon atoms 
(highlighted below). There are two carbon atoms in each 
of the three possible paths that connect the bridgehead 
carbons, so this bicyclic parent is bicyclo[2.2.2. octane. 


œ bicyclo[2.2.2]octane 


There are two substituents on this bicyclic system. One 
is a methyl substituent and the other one is a complex 
substituent that is called 5-ethylheptyl, as shown below: 


methyl < J 


2 4 6 
a 1 3 5 7 
5-ethylheptyl 


The locants for the two substituents are positions 1 and 4 
on the bicyclic parent, and the lower number should be 
assigned according to which substituent comes first 
alphabetically. 


Finally, we arrange the substituents alphabetically and 
place them before the parent, giving the following 
complete IUPAC name: 


1-(5-ethylheptyl)-4-methylbicyclo[2.2.2]octane 


4.14. 

(a) If we assign a systematic name for each of these 
structures, we find that they share the same name (2,3- 
dimethylpentane). Therefore, these drawings are simply 
different representations of the same compound. 


2,3-dimethylpentane 2,3-dimethylpentane 
(b) If we assign a systematic name for each of these 
structures, we find that they share the same name (3- 
ethyl-2,4-dimethylpentane). Therefore, these drawings 
are simply different representations of the same 
compound. 
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3-ethyl-2,4-dimethyl 
pentane 


3-ethyl-2,4-dimethyl 
pentane 


(c) If we assign a systematic name for each of these 
structures, we find that they share the same name (4- 
isobutyl-2,8-dimethylnonane). Therefore, these 
drawings are simply different representations of the same 
compound. 


4-isobutyl-2,8-dimethyl 
nonane 


4-isobutyl-2,8-dimethyl 
nonane 


(d) We assign a systematic name to each structure, and 
find that they have different names (shown below). 
Therefore, they must differ in their constitution 
(connectivity of atoms). These compounds are therefore 
different from each other, but they share the same 
molecular formula (Ci1H24), so they are constitutional 
isomers. 


3-methyl-4-propyl 
heptane 


2-methyl-4-propyl 
heptane 


4.15. We must draw all of the constitutional isomers of 
heptane: 


To accomplish the goal, we will follow the same 
methodical approach that we used in Problem 4.3. We 
begin by drawing all possible substituted hexanes with 
the molecular formula C7His. There are only two 
possibilities - the methyl group can be placed at either 
C2 or C3. Then, we move on to the pentanes, and finally 
any possible butanes. This methodical analysis gives the 
following constitutional isomers: 


CHAPTER 4 109 


Parent = hexane 
ae 2 3 4 6 
1 3 5 1 5 


Parent = pentane 


4 pas Dae 
3 5 1 3 5 1 3 5 
2 4 2 4 
1 3 5 1 2 5 


Parent = butane 


2 
1 


4.16. 

(a) When looking from the perspective of the observer 
(as shown in the problem statement), the front carbon is 
connected to three methyl groups and the back carbon is 
connected to one methyl group pointing up. 


CH3 


CH3 


(b) When looking from the perspective of the observer 
(as shown in the problem statement), the front carbon is 
connected to a chlorine atom pointing up and to the right, 
as well as a methyl group pointing down. The back 
carbon atom is connected to a chlorine atom pointing 
down and to the left, as well as a methyl group pointing 


up. 


(c) When looking from the perspective of the observer 
(as shown in the problem statement), the front carbon is 
connected to a methyl group pointing up and to the right, 
as well as an ethyl group pointing down. The back 
carbon atom is connected to an ethyl group pointing up. 


CH2CH3 

H CH3 

H H 
CH2CH3 


(d) When looking from the perspective of the observer 
(as shown in the problem statement), the front carbon is 
connected to a methyl group pointing up. The back 
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carbon atom is connected to a methyl group pointing 
down and two chlorine atoms, as shown. 


CH3 
CI CI 


(e) When looking from the perspective of the observer 
(as shown in the problem statement), the front carbon is 
connected to a methyl group pointing up and a chlorine 
atom pointing down and to the right. The back carbon 
atom is connected to a methyl group pointing down and a 
chlorine atom pointing up and to the right, as shown. 


CH3 


(£) When looking from the perspective of the observer 
(as shown in the problem statement), the front carbon is 
connected to a chlorine atom pointing up and to the right, 
as well as a methyl group pointing down. The back 
carbon atom is connected to a methyl group pointing up 
and a bromine atom pointing down and to the left. 


CH3 


4.17. First we identify the parent chain (pentane). In 
this case, there are several choices for the parent (all of 
which are five carbon atoms), so we choose the one with 
the greatest number of substituents. This parent has five 
substituents: four methyl groups and one ethyl group, 
which are arranged alphabetically, together with their 
appropriate locants, to give the following IUPAC name: 


3-ethyl-2,2,4,4-tetramethylpentane 


For the Newman projection, when looking from the 
perspective of the observer (as shown in the problem 
statement), the front carbon is connected to one methyl 
group pointing down, and the back carbon is connected 
to two tert-butyl groups: one pointing up and the other 
pointing down and to the right: 


H H H H 
H H t-Bu 


CH3 CH3 


4.18. 
(a) The energy barrier is expected to be approximately 


18 kJ/mol (calculation below): 
6 kJ/mol 7 6 kJ/mol 
a CH3 


HC” 
—r 
6 kJ/mol 


(b) The energy barrier is expected to be approximately 


16 kJ/mol (calculation below): 
6 kJ/mol 4 4 kJ/mol 
Ty 
H 


HaC" 
ee,’ 
6 kJ/mol 


4.19. 

(a) In the Newman projection, the front carbon atom has 
three methyl groups, and the back carbon has one methyl 
group. Since the front carbon atom has three identical 
groups, we expect all staggered conformations to be 
degenerate. Similarly, we expect all eclipsed 
conformations to be degenerate as well. The lowest 
energy conformation is the staggered conformation, and 
the highest energy conformation is the eclipsed 


conformation. 
CH3 CH, 
H3C CH3 HaC CHa 
H H 
CH3 HaC H 
Lowest energy Highest energy 


(b) We begin by converting the bond-line drawing into a 
Newman projection. 


observer 
y CH2CH3 
SSL A ii 
H H 
CH2CH3 


We expect the lowest energy conformation to be 
staggered and the highest energy conformation to be 
eclipsed. The lowest energy staggered conformation is 
the conformation in which the two ethyl groups are anti 
to each other, while the highest energy conformation is 
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the eclipsed conformation in which the two ethyl groups 
are eclipsing each other: 


CHCH 
H 
H CH3 H T CH3 
H H 
CHCH; 
CH2CH3 CH 2CH3 
Lowest energy Highest energy 


(c) We begin by converting the bond-line drawing into a 
Newman projection. 


observer 


CH3 


We expect the lowest energy conformation to be 
staggered and the highest energy conformation to be 
eclipsed. Let’s first explore the three staggered 
conformations, shown below. One of these 
conformations exhibits two gauche interactions, while 
the other two staggered conformations are degenerate, 
with each having only one gauche interaction: 


CHa J 7 CH3 \ CHa 
H TCH, Hc. Hc. fon 
H H H H H H 
CH3 CH3 H 
One gauche One gauche Two gauche 
interaction interaction interactions 
Ne J 
ka 
degenerate 


The two degenerate conformations are lowest in energy 
among all available conformations. 

In order to determine which conformation is highest in 
energy, we must examine the eclipsed conformations. 
There are three eclipsed conformations, shown below. 
Two of these conformations are degenerate because they 
exhibit a methyl-methy] eclipsing interaction: 


g "ag" "ag 


H3 cehs H3 ey HCHs 


vV 


degenerate 


These two degenerate conformations are highest in 
energy among all available conformations. 


(d) We begin by converting the bond-line drawing into a 
Newman projection. 
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observer 
y CH2CH3 
omwaw = 
H H 
CH2CH3 


We expect the lowest energy conformation to be 
staggered and the highest energy conformation to be 
eclipsed. The lowest energy conformation is the 
staggered conformation in which the two ethyl groups 
are anti to each other, while the highest energy 
conformation is the eclipsed conformation in which the 
two ethyl groups are eclipsing each other: 


CHCH j 
H3C gE HC H 
H H w 
CHCHs CHSCH, 
Lowest energy Highest energy 


4.20. 
(a) The three possible staggered conformations of 1, 
viewed along the Ca-C» bond, are as follows: 


O O 
H \ H Cl A H H \ Cl 
x \ 
H CH2 H CH2 H CH2 
Cl H H 
A B Cc 


(b) In conformation C, there are two gauche interactions: 
one between the chlorine atom and the CH2 group, and 
another between the chlorine atom and the oxygen atom. 
This conformation is the highest in energy (least stable) 
due to these two interactions. Conformations A and B 
each exhibit only one of these two gauche interactions. 


4.21. The step-by-step procedure in the SkillBuilder 
should provide the following drawing: 


df 


4.22. The chair conformation for this compound is 
similar to the chair conformation of cyclohexane, but 
two of the carbon atoms have been replaced with oxygen 
atoms. Each of the following drawings represents 
dioxane, with oxygen atoms in the | and 4 positions: 


o o 
d fa A 


All three drawings represent the same compound 
(viewed from different angles). This can be seen clearly 
if you build a molecular model of dioxane (in a chair 
conformation) and view it from different angles. Indeed, 
there are still more representations that could be drawn 
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for dioxane in its chair conformation, looking from other 
perspectives. 


4.23. The step-by-step procedure in the SkillBuilder 
should provide the following drawing: 


4.24. 

(a) Note that the bonds to the attached groups are all 
parallel to a bond in the ring, and none are in a vertical 
position. All five groups attached to the six-membered 
ring occupy equatorial positions (indicated with bold 
bonds). 


OH 


OH 
(-)-Cassioside 


all five groups are in 
equatorial positions 


(0) 


(b) Each carbon atom in the six-membered ring has a 
hydrogen atom in the axial position: 


two axial hydrogen 
atoms pointing up 


N, 


U i 


three axial hydrogen 
atoms pointing down 


4.25. 

(a) In one chair conformation, the substituent (OH) 
occupies an axial position. In the other chair 
conformation, the substituent occupies an equatorial 
position: 


OH 
DI a Ao 


(b) In one chair conformation, the substituent (NH2) 
occupies an axial position. In the other chair 
conformation, the substituent occupies an equatorial 
position: 


NH> 


(c) In one chair conformation, the substituent (Cl) 
occupies an axial position. In the other chair 
conformation, the substituent occupies an equatorial 
position: 


Ge te 


(d) In one chair conformation, the methyl group occupies 
an axial position. In the other chair conformation, the 
methyl group occupies an equatorial position: 


CH3 


(e) In one chair conformation, the tert-butyl group 
occupies an axial position. In the other chair 
conformation, the tert-butyl group occupies an equatorial 
position: 


pet oem tid. 


(a) In a Newman projection of cyclohexane, the four 
hydrogen atoms that point straight up or straight down 
occupy axial positions, while the four hydrogen atoms 
that point out to either side are equatorial: 


axial 
H H 
H H 
equatorial equatorial 
H H 
H H 
uU,_Y 
axial 
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Notice that four of the twelve hydrogens are not drawn In the structure shown in the problem statement, the 
explicitly; rather they are implied by the bond line adenine group occupies an axial position and the CH2OH 
intersections (highlighted): group occupies an equatorial position. 
HH HH NH2 
H H be N 
axial 1> | X 
H H Lin 
HH HH Damme! H 
H 
equatorial c> HO 
H H 
H H 


(b) The carbon atoms of the cyclohexane ring are numbered in the Newman projection and in the chair conformation 
(the bond-line structure is also included for reference). Note that these numbers do not necessarily have to be in 
accordance with IUPAC rules, but that is OK, because we are not assigning a name. Rather, we are using the numbers 
just to redraw the compound. In all depictions, the CH2OH group is attached to carbon atom 1 and the adenine group is 
attached to carbon atom 2 (a clockwise relationship going from 1 to 2). 


NH> 
N 
N N 
N X HN—/ `N 
nN _ 
N N A N Na? ; 
6 H = YY 4 
HO HO. A 5 


Look down both 
of these bonds 
simultaneously 


Carbon atoms 1 & 5 are the front carbon atoms in both forms; likewise, carbon atoms 2 & 4 are the back carbon atoms. 
The bond between carbon atoms 1 and 2 (and between carbon atoms 5 and 4) are implied by the Newman projections. 
The CH2OH group is up and equatorial in both forms, while the adenine is up and axial in both forms. The clockwise 
location of the adenine group compared to the CH2OH is an important feature which must be maintained in all 
depictions of the structure; this will be explored in more detail in Chapter 5. 


4.27. Although the OH group is in an axial position, Me 
this conformation is capable of intramolecular hydrogen Et Me 
bonding, which is a stabilizing effect: ol = 3 96 4 
4 
H, aj 
O Et 
O When assigning the numbers to the chair drawing, the 
fo o first number can be placed anywhere on the ring. For 
example, it would be perfectly acceptable to draw the 
chair like this: 
4.28. 
(a) Begin by assigning a numbering system (which does Me 
not need to adhere to IUPAC rules), and then determine Me 
the location and three-dimensional orientation of each wet iL 2 23 
substituent. In this case, there is a methyl group at C-1, ae = 
which is up, and there is an ethyl group at C-2, which is oe Et 4 
down: 
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At first it might look like this is a different chair than the 
one previously drawn. But let’s compare them: 


Me Me 
th = AT 
4L-3 2 a 6 5774 

Et Et 


In both drawings, if we travel clockwise around the ring, 
we will encounter the methyl group first and the ethyl 
group second. Also, in both chair drawings, the methyl 
group is up and the ethyl group is down. Therefore, 
either of these drawings is an acceptable chair 
representation. Neither one is “more correct” than the 
other (to see this more clearly, you may find it helpful to 
build a molecular model and view it from different 
angles). 

Once we have drawn the first chair conformation, 
we then draw the second chair conformation, once again 
using a numbering system. Notice that a ring flip causes 
all equatorial groups to become axial groups, and vice 
versa. 


Me 
5 6 4 4 5 6 
7 a =< Va Me 
Et 


(b) Begin by assigning a numbering system, and then 
determine the location and three-dimensional orientation 
of each substituent. In this case, there is a methyl group 
at C-1, which is up, and there is an ethyl group at C-2, 
which is also up: 


Me 
Et Me 
ie > 6 j; 
4 Et 
32 
Finally, we draw the second chair conformation, once 
again using a numbering system. Notice that a ring flip 


causes all equatorial groups to become axial groups, and 
vice versa. 


Me 
Š Et 
6 1 4 5 6 
PY ites Ie =——— 1-Me 
3°23 


(c) Begin by assigning a numbering system, and then 
determine the location and three-dimensional orientation 
of each substituent. In this case, there is a methyl group 
at C-1, which is up, and there is a bromo group at C-3, 
which is also up: 


Me : Br 


When assigning the numbers to the chair drawing, the 
first number can be placed anywhere on the ring (as long 
as the numbers go clockwise). 

Finally, we draw the second chair conformation, 
once again using a numbering system. Notice that a ring 
flip causes all equatorial groups to become axial groups, 
and vice versa. 


(d) Begin by assigning a numbering system, and then 
determine the location and three-dimensional orientation 
of each substituent. In this case, there is a bromo group 
at C-1, which is up, and there is a methyl group at C-3, 
which is also up: 


Br. : Me 

When assigning the numbers to the chair drawing, the 

first number can be placed anywhere on the ring (as long 

as the numbers go clockwise), as explained in the 
solution to part (a) of this problem. 

Finally, we draw the second chair conformation, 

once again using a numbering system. Notice that a ring 


flip causes all equatorial groups to become axial groups, 
and vice versa. 


o 
= 
a 
N 
w 


(e) Begin by assigning a numbering system, and then 
determine the location and three-dimensional orientation 
of each substituent. In this case, there is a methyl group 
at C-1, which is up, and a tert-butyl group at C-4, which 
is down: 


Me 
2 
i. 3 3 
Me 


Notice that the numbering system need not adhere to 
IUPAC rules — the numbering system is simply a tool 
that we are using to guide us. When assigning the 
numbers to the chair drawing, the first number can be 
placed anywhere on the ring (as long as the numbers go 
clockwise), as seen in the solution to part (a) of this 
problem. 

Finally, we draw the second chair conformation, 
once again using a numbering system. Notice that a ring 
flip causes all equatorial groups to become axial groups, 
and vice versa. 
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Me =. 


1 


(f) Begin by assigning a numbering system, and then 
determine the location and three-dimensional orientation 
of each substituent. In this case, there is a methyl group 
at C-1, which is up, and another methyl group at C-3, 
which is down: 


Me „Me 

S 4 23 

6 5 4 
When assigning the numbers to the chair drawing, the 
first number can be placed anywhere on the ring (as long 
as the numbers go clockwise), as explained in the 

solution to part (a) of this problem. 

Finally, we draw the second chair conformation, 
once again using a numbering system. Notice that a ring 


flip causes all equatorial groups to become axial groups, 
and vice versa. 


Il 
= 
oO 


(g) Begin by assigning a numbering system, and then 
determine the location and three-dimensional orientation 
of each substituent. In this case, there is an isopropyl 
group at C-1, which is up, and another isopropyl group at 
C-3, which is also up: 


oS m 


When assigning the numbers to the chair drawing, the 
first number can be placed anywhere on the ring (as long 
as the numbers go clockwise), as explained in the 
solution to part (a) of this problem. 

Finally, we draw the second chair conformation, 
once again using a numbering system. Notice that a ring 
flip causes all equatorial groups to become axial groups, 
and vice versa. 


(h) Begin by assigning a numbering system, and then 
determine the location and three-dimensional orientation 
of each substituent. In this case, there is a methyl group 
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at C-1, which is up, and another methyl group at C-4, 
which is also up: 


Me 
M 


When assigning the numbers to the chair drawing, the 
first number can be placed anywhere on the ring (as long 
as the numbers go clockwise), as explained in the 
solution to part (a) of this problem. 

Finally, we draw the second chair conformation, 
once again using a numbering system. Notice that a ring 
flip causes all equatorial groups to become axial groups, 
and vice versa. 


Il 
z 
oO 
N 
a 
w 
a 


e 1 


Me Me 
. 3 4 4 2 3 
Me S = Š Me 
1 5 6 4 


4.29. Begin by assigning a numbering system, and then 
determine the location and three-dimensional orientation 
of each substituent: 


Q Q 
Q Q 
Il 


When assigning the numbers to the chair drawing, the 
first number can be placed anywhere on the ring (as long 
as the numbers go clockwise), as explained in the 
solution to part (a) of the previous problem. 

Finally, we draw the second chair conformation, 
once again using a numbering system. Notice that a ring 
flip causes all equatorial groups to become axial groups, 
and vice versa. 


Cl 


4.30. 
(a) Begin by assigning a numbering system, and then 
determine the location and three-dimensional orientation 
of each substituent. In this case, there is a methyl group 
at C-1, which is up, and a methyl group at C-2, which is 
down: 

Me 


Hee i 
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When assigning the numbers to the chair drawing, the 
first number can be placed anywhere on the ring (as long 
as the numbers go clockwise), as explained in the 
solution to Problem 4.28a. 

Once we have drawn the first chair conformation, 
we then draw the second chair conformation, again using 
a numbering system. Notice that a ring flip causes all 
equatorial groups to become axial groups, and vice versa. 


Me 
5 6 4 4 5 6 
— Ca \ 
4L T 1-Me 
2 2 
3 Me 
Me 


Finally, we compare both chair drawings and determine 
which one has fewer or less severe 1,3-diaxial 
interactions. In the first drawing, both substituents 
occupy axial positions, but in the second drawing, both 
substituents occupy equatorial positions. As such, the 
latter is more stable, since it lacks 1,3-diaxial 
interactions. 


(b) Begin by assigning a numbering system, and then 
determine the location and three-dimensional orientation 
of each substituent. In this case, there is a methyl group 
at C-1, which is up, and an isopropyl group at C-2, which 
is also up: 


Me 


When assigning the numbers to the chair drawing, the 
first number can be placed anywhere on the ring (as long 
as the numbers go clockwise), as explained in the 
solution to Problem 4.28a. 

Once we have drawn the first chair conformation, 
we then draw the second chair conformation, again using 
a numbering system. Notice that a ring flip causes all 
equatorial groups to become axial groups, and vice versa. 


Finally, we compare both chair drawings and determine 
which one has fewer or less severe 1,3-diaxial 
interactions. In the first drawing, the methyl group 
occupies an axial position, but in the second drawing, the 
isopropyl group occupies an axial position. As such, the 
former is more stable, since it is expected to have less 
severe |,3-diaxial interactions. 


(c) Begin by assigning a numbering system, and then 
determine the location and three-dimensional orientation 
of each substituent: 


wel 


Cl Cl 


When assigning the numbers to the chair drawing, the 
first number can be placed anywhere on the ring (as long 
as the numbers go clockwise), as explained in the 
solution to Problem 4.28a. 

Once we have drawn the first chair conformation, 
we then draw the second chair conformation, again using 
a numbering system. Notice that a ring flip causes all 
equatorial groups to become axial groups, and vice versa. 


Finally, we compare both chair drawings and determine 
which one has fewer or less severe 1,3-diaxial 
interactions. In the first drawing, the methyl group 
occupies an equatorial position, while both chloro groups 
occupy axial positions. In the second drawing, the 
methyl group occupies an axial position, while both 
chloro groups occupy equatorial positions. According to 
the data presented in Table 4.8, each methyl group 
experiences 1|,3-diaxial interactions of 7.6 kJ/mol, while 
each chloro group experiences 1,3-diaxial interactions of 
2.0 kJ/mol. As such, the 1,3-diaxial interactions from 
the methyl group are more severe than the combined 1,3- 
diaxial interactions of the two chloro groups (4.0 
kJ/mol). As such, the more stable conformation is the 
one in which the methyl group occupies an equatorial 
position. 


(d) Begin by assigning a numbering system, and then 


determine the location and three-dimensional orientation 
of each substituent: 


Ny, 


When assigning the numbers to the chair drawing, the 
first number can be placed anywhere on the ring (as long 
as the numbers go clockwise), as explained in the 
solution to Problem 4.28a. 

Once we have drawn the first chair conformation, 
we then draw the second chair conformation, again using 
a numbering system. Notice that a ring flip causes all 
equatorial groups to become axial groups, and vice versa. 
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Finally, we compare both chair drawings and determine 
which one has fewer or less severe  1,3-diaxial 
interactions. In the first drawing, the tert-butyl group 
occupies an axial position, while both methyl groups 
occupy equatorial positions. In the second drawing, the 
tert-butyl group occupies an equatorial position, while 
both methyl groups occupy equatorial positions. 
According to the data presented in Table 4.8, each 
methyl group experiences 1,3-diaxial interactions of 7.6 
kJ/mol, while a tert-butyl group experiences 1,3-diaxial 
interactions of 22.8 kJ/mol. As such, the 1,3-diaxial 
interactions from the one tert-butyl group are more 
severe than the combined 1,3-diaxial interactions of the 
methyl groups (15.2 kJ/mol). As such, the more stable 
conformation is the one in which the tert-butyl group 
occupies an equatorial position. 


(e) Begin by assigning a numbering system, and then 
determine the location and three-dimensional orientation 
of each substituent: 


te 


When assigning the numbers to the chair drawing, the 
first number can be placed anywhere on the ring (as long 
as the numbers go clockwise), as explained in the 
solution to Problem 4.28a. 

Once we have drawn the first chair conformation, 
we then draw the second chair conformation, again using 
a numbering system. Notice that a ring flip causes all 
equatorial groups to become axial groups, and vice versa. 


Finally, we compare both chair drawings and determine 
which one has fewer or less severe 1,3-diaxial 
interactions. In the first drawing, both tert-butyl groups 
occupy axial positions, but in the second drawing, both 
occupy equatorial positions. As such, the latter is more 
stable, since it lacks 1,3-diaxial interactions. 


4.31. Each chair conformation has three substituents 
occupying equatorial positions and three substituents 
occupying axial positions: 


Cl 
cl Cl 


Cl Cl 


As such, the two chair conformations of lindane are 
degenerate 
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4.32. trans-1,4-di-tert-butylcyclohexane exists predomi- 
nantly in a chair conformation, because both substituents 
can occupy equatorial positions. In contrast, cis-1,4-di- 
tert-butylcyclohexane cannot have both of its 
substituents in equatorial positions. Each chair 
conformation has one of the substituents in an axial 
position, which is high in energy. The compound can 
achieve a lower energy state by adopting a twist boat 
conformation. 


4.33.  cis-1,3-dimethylcyclohexane is expected to be 
more stable than trans-1,3-dimethylcyclohexane because 
the former can adopt a chair conformation in which both 
substituents are in equatorial positions (highlighted 
below): 


CH3 CH3 
H 
H 


In contrast, trans-1,3-dimethylcyclohexane cannot adopt 
a chair conformation in which both substituents are in 
equatorial positions. Each chair conformation has one 
methyl group in an axial position: 


H CH; 
CH3 ‘ 


4.34. trans-1,4-dimethylcyclohexane is expected to be 
more stable than cis-1,4-dimethylcyclohexane because 
the former can adopt a chair conformation in which both 
substituents are in equatorial positions (highlighted 
below): 


H CH3 
CH3 H 


trans-1,4-dimethylcyclohexane 


CH3 


. There is no difference in energy between 
them. Hc- vV 
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In contrast, cis-1,4-dimethylcyclohexane cannot adopt a 
chair conformation in which both substituents are in 
equatorial positions. Each chair conformation has one 
methyl group in an axial position: 


CH3 CH; 


H H 


cis-1,4-dimethylcyclohexane 


CH3 CH3 


no L7 CAA 


4.35. cis-1,3-di-tert-butylcyclohexane can adopt a chair 
conformation in which both tert-butyl groups occupy 
equatorial positions (highlighted below), and as a result, 
it is expected to exist primarily in that conformation. 


R R 
H 
H 


cis-1,3-di-tert-butylcyclohexane 


Aa 


RASI 


(R = tert-butyl group) 


In contrast, trans-1,3-di-tert-butylcyclohexane cannot 
adopt a chair conformation in which both tert-butyl 
groups occupy equatorial positions. In either chair 
conformation, one of the tert-butyl groups occupies an 
axial position. 


k=} 
R H 
trans-1,3-di-tert-butylcyclohexane 
R 
EJ . y~ R 
R 


(R = tert-butyl group) 


This compound can achieve a lower energy state by 
adopting a twist-boat conformation. 


4.36. For each of the following compounds, we assign 
its name via a four-step process: First identify the 
parent, then the substituents, then assign locants, and 


finally, arrange the substituents alphabetically. In each 
case, use commas to separate numbers from each other, 
and use hyphens to separate letters from numbers. 


(a) 4-ethyl-3-methyloctane 

(b) 5-isopropylnonane 

(c) 4-propyl-2-methyloctane: 

(d) 4-tert-butylheptane 

(e) 5-sec-butyl-4-ethyl-2-methyldecane 

(f) 3-ethyl-6-isopropyl-2,4-dimethyldecane 
(g) 3,5-diethyl-2-methyloctane 

(h) 2,3,5-trimethyl-4-propylheptane 

(i) 1,2,4,5-tetramethyl-3-propylcyclohexane 
(j) 2,3,5,9-tetramethylbicyclo[4.4.0]decane 
(k) 1,4-dimethylbicyclo[2.2.2]octane 


4.37. 

(a) If we assign a systematic name for each of these 
structures, we find that they share the same name (2- 
methylpentane). Therefore, these drawings are simply 
different representations of the same compound. 


5 1 3 5 
2 4 
A A ic aaa 
1 3 


2-methylpentane 2-methylpentane 

(b) We assign a systematic name to each structure, and 
find that they have different names (shown below). 
Therefore, they must differ in their constitution 
(connectivity of atoms). These compounds are therefore 
different from each other, but they share the same 
molecular formula (C7Hi6), so they are constitutional 
isomers. 


1 3 


2,2-dimethylpentane 3,3-dimethylpentane 

(c) If we assign a systematic name for each of these 
structures, we find that they share the same name (3- 
ethyl-2,4-dimethylheptane). Therefore, these drawings 
are simply different representations of the same 
compound. 


3-ethyl-2,4-dimethyl 
heptane 


3-ethyl-2,4-dimethyl 
heptane 


4.38. When looking down the C2-C3 bond, the front 
carbon atom has one methyl group and two H’s, while 
the back carbon atom has an ethyl group, a methyl group, 
and a hydrogen atom. The lowest energy conformation 
is the staggered conformation with the fewest and least 
severe gauche interactions, shown here. In this 
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conformation, there is only one Me-Me gauche 
interaction. 
CH3 
H3C H 
H CH2CH3 
H 
4.39. Both compounds share the same molecular 


formula (C6H14). That is, they are constitutional isomers, 
and the unbranched isomer is expected to have the larger 
heat of combustion: 


NN 


4.40. 


(a) The name indicates that the parent is a five-carbon 
chain and there are three substituents (two methyl groups 
at C2, and one methyl group at C4): 


MI 
1 3 5 


(b) The name indicates that the parent is a seven- 
membered ring and there are four substituents (all methyl 


groups), as shown: 


(c) The name indicates a bicyclic parent with two ethyl 
groups at C2 and two ethyl groups at C4, as shown: 


1 
Ro 
3 


4.41. We begin by drawing a Newman projection of 2,2- 
dimethylpropane: 
CH3 


zx = SOC 
H3C 


observer CH3 
P H 
A 


Notice that the front carbon has three identical groups 
(all H’s), and the back carbon atom also has three 
identical groups (all methyl groups). As such, we expect 
all staggered conformations to be degenerate, and we 
expect all eclipsed conformations to be degenerate as 
well. Therefore, the energy diagram will more closely 
resemble the shape of the energy diagram for the 
conformational analysis of ethane. 
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Potential 
Energy 
180 120° 60° © 60° 120° 180° 
Dihedral Angle 
4.42. Two of the staggered conformations are 


degenerate. The remaining staggered conformation is 
lower in energy than the other two, as shown: 


A CH3 CH; 
H3C CH3 HC CH3 
H CH3 HC H 
Potential H H 
energy H 
H3C CH3 
H3C CH3 
H 


4.43. For each of the following cases, we draw the 
second chair conformation using a numbering system to 
ensure the substituents are placed correctly. The 
numbering system does NOT need to adhere to IUPAC 
rules, as it is just a tool that we are using to draw both 
chair conformations correctly. Notice that a ring flip 
causes all equatorial groups to become axial groups, and 
vice versa. 


ou 
Cl~4 6 CH3 
3 2 4 
(b) 
qi OH 
5 61 ails 
4 3 OH = : A i_Cl 
CH3 CH3 
(c) 
5 ney 1 
cl OH i 
4 3 2 
4.44, 


(a) The second compound is expected to have a higher 
heat of combustion because it has more carbon atoms. 

(b) The first compound is expected to have a higher heat 
of combustion because it cannot adopt a chair 
conformation in which both methyl groups occupy 
equatorial positions. 
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(c) The second compound is expected to have a higher 
heat of combustion because it cannot adopt a chair 
conformation in which both methyl groups occupy 
equatorial positions. 

(d) The first compound is expected to have a higher heat 
of combustion because it cannot adopt a chair 
conformation in which both methyl groups occupy 
equatorial positions. 


4.45. The energy diagram of 1,2-dichloroethane is 
similar to the energy diagram of butane (see Figure 
4.11). The CH3 groups have simply been replaced with 
chloro groups. 


7 H 
H 
H CI H 
H Cl H H 
cı CI 
Hel Hel 
Potential 
Energy 
H H 
H H H H 
cl pees cl 
H H H cl Cl H H H 
H H H H 
CI Cl 


180° 120° 60° O° 60° 120° 180° 
Dihedral Angle 


4.46. There are eight hydrogen atoms in axial positions 
and seven hydrogen atoms in equatorial positions. 


4.47. 

(a) The Newman projection indicates that the front 
carbon atom is connected to two methyl groups, while 
the back carbon atom is connected to two ethyl groups 
and a methyl group. This corresponds with the following 
bond-line drawing: 


observer back 
Vv carbon 

CH3 
H3C CH2CH3 `~ l 
H3C H Į 

CH2CH3 

front 
carbon 


(b) The Newman projection indicates that the front 
carbon atom and the back carbon atom are part of a five- 
membered ring: 


CH3 
H 22 
4 
H 5 
CH3 


The front carbon atom is connected to a methyl group 
pointing above the ring, while the back carbon atom is 
connected to a methyl group pointing below the ring. 
This corresponds with the following bond-line drawing: 


CH3 back 4, 


H carbon = 
H E front n 


carbon | 


7 


observer 


(c) In this case, there are two Newman projections 
connected to each other, indicating a ring. If we count 
the carbon atoms, we can see that it is a six-membered 
ring (cyclohexane): 


a 0 
-( )- 
w N 


4.48. 

(a) We first convert the Newman projection into a bond- 
line drawing, because it is easier to assign a systematic 
name to a bond-line drawing. In this case, the compound 
is hexane: 


H 
H H 
4 5 6 = 2 4 6 
H 2 CH2CH2CH3 4 3 5 
1 CH3 


(b) We first convert the Newman projection into a bond- 
line drawing, because it is easier to assign a systematic 
name to a bond-line drawing. In this case, the compound 
is methylcyclohexane: 


A a 
w o 
= 
N 


H H 


(c) We first convert the Newman projection into a bond- 
line drawing, because it is easier to assign a systematic 
name to a bond-line drawing. In this case, the compound 
is methylcyclopentane: 


CH; A 
H, 12 3 
= 1 
= 
4 

er. 5 
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(d) As seen in the solution to Problem 4.47b, this 
compound is ¢rans-1,2-dimethylcyclopentane: 


CH3 


“Nn, 


CH3 


4.49. Each H-H eclipsing interaction is 4 kJ/mol, and 
there are two of them (for a total of 8 kJ/mol). The 
remaining energy cost is associated with the Br-H 
eclipsing interaction: 15 -— 8 = 7 kJ/mol. 


4.50. In order to draw the first chair conformation, begin 
by assigning a numbering system, and then determine the 
location and three-dimensional orientation of each 
substituent: 


OH 


When assigning the numbers to the chair drawing, the 
first number can be placed anywhere on the ring (as long 
as the numbers go clockwise), as explained in the 
solution to Problem 4.28a. 

Once we have drawn the first chair conformation, 
we then draw the second chair conformation, again using 
a numbering system. Notice that a ring flip causes all 
equatorial groups to become axial groups, and vice versa. 


Finally, we compare both chair drawings and determine 
which one has fewer or less severe 1,3-diaxial 
interactions. In the first drawing, all three substituents 
occupy axial positions, but in the second drawing, they 
all occupy equatorial positions. As such, the latter is 
more stable. 


4.51. 

(a) The methyl group occupies an axial position in one 
chair conformation, and occupies an equatorial position 
in the other chair conformation. The latter is more stable 
because it lacks 1,3-diaxial interactions. 


co 


(b) Both isopropyl groups occupy axial positions in one 
chair conformation, and both occupy equatorial positions 


——_> 
c 


eae 


more stable 


CHAPTER 4 121 


in the other chair conformation. The latter is more stable 
because it lacks 1,3-diaxial interactions. 


a] — A 


more stable 


(c) Both isopropyl groups occupy axial positions in one 
chair conformation, and both occupy equatorial positions 
in the other chair conformation. The latter is more stable 
because it lacks 1,3-diaxial interactions. 


J = sal 


more stable 


(d) Both isopropyl groups occupy axial positions in one 
chair conformation, and both occupy equatorial positions 
in the other chair conformation. The latter is more stable 
because it lacks 1,3-diaxial interactions. 


e more stable 


4.52. 

(a) The second compound can adopt a chair 
conformation in which all three substituents occupy 
equatorial positions. Therefore, the second compound is 
expected to be more stable. 

(b) The first compound can adopt a chair conformation 
in which all three substituents occupy equatorial 
positions. Therefore, the first compound is expected to 
be more stable. 

(c) The first compound can adopt a chair conformation in 
which both substituents occupy equatorial positions. 
Therefore, the first compound is expected to be more 
stable. 

(d) The first compound can adopt a chair conformation 
in which all four substituents occupy equatorial 
positions. Therefore, the first compound is expected to 
be more stable. 


4.53. When looking from the perspective of the observer 
(as shown in the problem statement), the front carbon has 
a chlorine atom pointing up and to the right, a bromine 
atom pointing up and the left, and a methyl group 
pointing down. The back carbon atom has a chlorine 
atom pointing down and to the right, a bromine atom 
pointing down and to the left, as well as a methyl group 
pointing up. 
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observer 


Br Br. Cl 


A Br CI 
cl Br CH3 


4.54. Two chair conformations can be drawn. In one of 
these conformations, all substituents occupy equatorial 
positions. In the other conformation, all substituents 
occupy axial positions. The former (shown below) lacks 
1,3-diaxial interactions, and is therefore the most stable 
conformation of glucose: 


CH3 
H3C CH3 
H3C CH3 
CH3 
2,2,4,4-tetramethylbutane 


All staggered conformations are degenerate, and the 
same is true for all eclipsed conformations. As such, the 
energy diagram has a shape that is similar to the energy 
diagram for the conformational analysis of ethane: 


Potential 
Energy 
z 
180 120° 60° 0 60° 120° 180° 
Dihedral Angle 
The staggered conformations have six gauche 


interactions, each of which has an energy cost of 3.8 
kJ/mol. Therefore, each staggered conformation has an 
energy cost of 22.8 kJ/mol. The eclipsed conformations 
have three methyl-methy] eclipsing interactions, each of 
which has an energy cost of 11 kJ/mol. Therefore, each 
eclipsed conformation has an energy cost of 33 kJ/mol. 
The difference in energy between staggered and eclipsed 
conformations is therefore expected to be approximately 
10.2 kJ/mol. 


4.56. The two staggered conformations are lower in 
energy than the two eclipsed conformations. Among the 
staggered conformations, the anti conformation is the 
lowest in energy. Among the eclipsed conformations, 
the highest energy conformation is the one in which the 
bromine atoms are eclipsing each other. This 
information is summarized here: 


Increasing energy 


> 
Br Br 
Br Br Br 
H H H Br H H Br 
H H H H 
Br H H HH 


4.57. 

(a) This conformation has three gauche interactions, each 
of which has an energy cost of 3.8 kJ/mol. Therefore, 
this conformation has a total energy cost of 11.4 kJ/mol 
associated with steric strain. 

(b) This conformation has two methyl-H eclipsing 
interactions, each of which has an energy cost of 6 
kJ/mol. In addition, it also has one methyl-methyl 
eclipsing interaction, which has an energy cost of 11 
kJ/mol. Therefore, this conformation has a total energy 
cost of 23 kJ/mol associated with torsional strain and 
steric strain. 


4.58. There are two chair conformations that can be 
drawn. In one chair conformation, all groups are 
equatorial except for one. In the other chair 
conformation, all groups are axial except for one. The 
former conformation is more stable because it has fewer 
1,3-diaxial interactions. 


OH 
HO 
OH 
HO OH 


OH 


4.59. 
(a) A group at C-2, pointing up, will occupy an 
equatorial position, as seen here: 


R equatorial 


ed Bx 


| 
H 


(b) A group at C-3, pointing down, will occupy an 
equatorial position, as seen here: 


H 


saa R | equatorial 


(c) A group at C-4, pointing down, will occupy an axial 
position, as seen here: 


H 


R axial 


(d) A group at C-7, pointing down, will occupy an 
equatorial position, as seen here: 
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R 
equatorial 


(e) A group at C-8, pointing up, will occupy an 
equatorial position, as seen here: 


equatorial 
R 


H 


(f) A group at C-9, pointing up, will occupy an axial 
position, as seen here: 


R axial 
PT 


4.60. We are looking for constitutional isomers of CsHis 
that have a parent chain of seven carbon atoms (heptane). 
The extra CH3 group can be placed in any of three 
positions (C2, C3, or C4) giving the following three 
constitutional isomers: 
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We cannot connect the CH; group to positions C1 or C7, 
as that would give a parent chain of eight carbon atoms 
(octane). We also cannot connect the CH; group to 
position C5 as that would generate the same structure as 
placing the CH3 group at the C3 position: 


Similarly, we cannot connect the CH3 group to position 
C6 as that would generate the same structure as placing 
the CH3 group at the C2 position. In summary, there are 
only three constitutional isomers of CsHis that have a 
parent name of heptane (shown above). 


4.61. There are five highlighted groups: two methyl groups, one cyclohexyl group and two complex substituents. For 
each of the complex substituents, we treat it as a “substituent on a substituent,” and we assign a name based on 


numbers going away from the parent, as shown: 


Systematic = (2-methylpropyl) 


Common = isobutyl 


methyl 


Systematic = (1-methylethyl) 
Common = isopropyl 


4.62. As mentioned in Section 4.9, cyclobutane adopts a 
slightly puckered conformation in order to alleviate some 
of the torsional strain associated with the eclipsing 
hydrogen atoms: 


Cl H H 


cyclohexyl 


In this non-planar conformation, the individual dipole 
moments of the C-Cl bonds in trans-1,3- 
dichlorocyclobutane do not fully cancel each other, 
giving rise to a small molecular dipole moment. 


4.63. 

(a) If we convert each Newman projection into a bond- 
line structure, we will be able to compare the two 
structures more easily. Then, if we assign a systematic 
name to each bond-line structure, we find that they have 
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the same name. Therefore, these two structures represent 
the same compound. 


Sw 

H CH3 

H CH2CH3 
H 
CH2CH3 

H3C CH3 

H CH2CH3 

H 


3-ethyl-2-methylpentane 


(b) In the first compound, the two methyl groups are 
attached to C-1 and C-2, but in the second compound, 
the two methyl groups are attached to C-1 and C-3. 
These compounds share the same molecular formula 
(CsHis), but they have different constitution 
(connectivity of atoms). Therefore, these two 
compounds are constitutional isomers. 


(c) These two structures are both representations of 
bicyclo[2.2.1]heptane, as can be seen when we apply the 
numbering system below. These two compounds are the 
same. 


(d) We assign a systematic name to each structure, and 
find that they have different names (because they have 
different ring fusions, shown below). Therefore, they 
differ in their constitution (connectivity of atoms). 
These compounds are different from each other, but they 
share the same molecular formula (C12H22), so they are 
constitutional isomers. 


10 1 
9 3 
g 4 
7 6 
5 
Bicyclo[5.3.2]dodecane Bicyclo[4.4.2]dodecane 
(e) Both of these structures are cis-1,4- 
dimethylcyclohexane. They are representations of the 


same compound. 


(£) The first compound is cis-1,4-dimethylcyclohexane, 
and the second compound is trans-1,4- 
dimethylcyclohexane. These compounds are different, 
but they do not differ in their constitution. They differ in 
the 3D arrangement of atoms, so they are stereoisomers. 


(g) The first compound is cis-1,2-dimethylcyclohexane 
(both methyl groups are in UP positions), and the second 
compound is ¢rans-1,2-dimethylcyclohexane (one methyl 
group is UP and the other is DOWN). These compounds 
are different, but they do not differ in their constitution. 
They differ in the 3D arrangement of atoms, so they are 
stereoisomers. 


(h) The first compound is cis-1,2-dimethylcyclohexane 
(both methyl groups are in UP positions), and the second 
compound is ¢rans-1,2-dimethylcyclohexane (one methyl 
group is UP and the other is DOWN). These compounds 
are different, but they do not differ in their constitution. 
They differ in the 3D arrangement of atoms, so they are 
stereoisomers. 


(i) If we convert each Newman projection into a bond- 
line structure, we will be able to compare the two 
structures more easily. Then, if we assign a systematic 
name to each bond-line structure, we find that they have 
different names. Since they share the same molecular 
formula, they are constitutional isomers. 


CH 
H CH3 
= A 4 
H CH3 1 i 
CH; 2,3-dimethylbutane 
CH3 
HaC CH3 3 
= Ahha 
H H 
CH3 


2,2-dimethylbutane 


(j) The first compound is cis-1,3-dimethylcyclohexane, 
and the second compound is trans-1,3- 
dimethylcyclohexane. These compounds are different, 
but they do not differ in their constitution. They differ in 
the 3D arrangement of atoms, so they are stereoisomers. 


(k) In the first compound, the two methyl groups are 
attached to C-1 and C-3, but in the second compound, 
the two methyl groups are attached to C-1 and C-2. 
These compounds share the same molecular formula 
(CsHis), but they have different constitution 
(connectivity of atoms). Therefore, these two 
compounds are constitutional isomers. 
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4.64. 
(a) The trans isomer is expected to be more stable, because the cis isomer has a very high-energy methyl-methy] eclipsing 
interaction (11 kJ/mol). See calculation below. 


(b) We calculate the energy cost associated with all eclipsing interactions in both compounds. Let’s begin with the 
trans isomer. It has the following eclipsing interactions, below the ring and above the ring, giving a total of 32 kJ/mol: 


Eclipsing Interactions Below the Ring 


CH3 - H eclipsing 
interaction 
(6 kJ/mol) 


Eclipsing Interactions Above the Ring 


CH; -H 


H-H CH3- H eclipsing H-H 
eae inci eclipsin 
eclipsing eclipsing interaction EA 
interaction interaction 6 kJ/mol 
(4 kJ/mol) (6 kJ/mol) (6 kJ/mol) (4 kJ/mol) 


CH3 - H eclipsing 
interaction 
(6 kJ/mol) 


Now let’s focus on the cis isomer. It has the following eclipsing interactions, below the ring and above the ring, giving 
a total of 35 kJ/mol: 


Eclipsing Interactions Below the Ring Eclipsing Interactions Above the Ring 


H-H 
CH3 - H 
H-H eclipsing eapo CH3 -H 
eclipsing interaction F f eclipsing 
; ; teraction 
teract 4 kJ/mol m i j 
T ( ) (6 kJ/mol) interaction 
(6 kJ/mol) 


H - H eclipsing CH3 - CH3 eclipsing 
interaction interaction 
(4 kJ/mol) (11 kJ/mol) 


The difference between these two isomers is therefore predicted to be (35 kJ/mol) — (32 kJ/mol) = 3 kJ/mol. 


4.65. The gauche conformations are capable of intramolecular hydrogen bonding, as shown below. The anti 
conformation lacks this stabilizing effect. 


OH aor ‘orl 
H H e) H H O 
H H H H H H 
OH H H 
Anti Gauche Gauche 
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4.66. If we convert each Newman projection into a 
bond-line structure, we see that these structures are 
representations of the same compound (2,3- 
dimethylbutane). They are not constitutional isomers. 


l pa 
H CH3 
H 
H 
H3C CH3 
H3C CH3 ) 
H 


4.67. 

(a) Begin by assigning a numbering system, and then 
determine the location and three-dimensional orientation 
of each substituent: 


OH 


ie 


Cl 


When assigning the numbers to the chair drawing, the 
first number can be placed anywhere on the ring (as long 
as the numbers go clockwise), as explained in the 
solution to Problem 4.28a. 

Once we have drawn the first chair conformation, 
we then draw the second chair conformation, again using 
a numbering system. Notice that a ring flip causes all 
equatorial groups to become axial groups, and vice versa. 

OH 


CI 


(b) Comparison of these chair conformations requires a 
comparison of the energy costs associated with all axial 
substituents (see Table 4.8). The first chair conformation 
has two axial substituents: an OH group (energy cost = 
4.2 kJ/mol) and a Cl group (energy cost = 2.0 kJ/mol), 
giving a total of 6.2 kJ/mol. The second chair 
conformation has two axial substituents: an isopropyl 
group (energy cost = 9.2 kJ/mol) and an ethyl group 
(energy cost = 8.0 kJ/mol), giving a total of 17.2 kJ/mol. 
The first chair conformation has a lower energy cost, and 
is therefore more stable. 


(c) Using the numbers calculated in part (b), the 
difference in energy between these two chair 
conformations is expected to be (17.2 kJ/mol) — (6.2 
kJ/mol) = 11 kJ/mol. Using the numbers in Table 4.8, 
we see that a difference of 9.2 kJ/mol corresponds with a 
ratio of 97:3 for the two conformations. In this case, the 


difference in energy is more than 9.2 kJ/mol, so the ratio 
should be even higher (more than 97%). Therefore, we 
do expect the compound to spend more than 95% of its 
time in the more stable chair conformation. 


4.68. 

(a) cis-Decalin has three gauche interactions, while 
trans-decalin has only two gauche interactions. 
Therefore, the latter is expected to be more stable. 


P-GP 
oda = oO 


trans-decalin 


(b) trans-Decalin is incapable of ring flipping, because a 
ring flip of one ring would cause its two alkyl 
substituents (which comprise the second ring) to be too 
far apart to accommodate the second ring. 


hypothetical =E K) 


ia es flip 
cannot accomodate 


a six membered ring 
connecting these 
two substituents. 


4.69. First, to get the molecule in the right conformation, 
rotate by 180° around the C-N bond indicated. The 
resulting conformation allows for an intramolecular 
hydrogen bond as indicated below by a dotted line. In 
this conformation, there are two hydrogen-bond 
acceptors (“A”) and two hydrogen bond donors (“D”) 
along the top edge of the molecule as drawn. 


Rotate about 


this C-N bond 
O O R" 
N i N 
R 7 
\ N H A 


N Pan 
\ \ 


R' H-O R" 


intramolecular 
hydrogen bond 
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Next, to show the four intermolecular hydrogen bonds, 
we draw a second molecule rotated by 180° relative to 


the first. In this orientation the 
donor/donor/acceptor/acceptor pattern of the bottom 
molecule is complementary to the 


acceptor/acceptor/donor/donor motif on the top molecule 
resulting in a bimolecular complex with the four 
intermolecular hydrogen bonds shown below. 


R\ O+ -H R 


H 
/ H N 
© = Z No 
Ni H ya 
R= \—n H 
N yn 
\ \ 
R' R" 


H--+0 l 


4.70. 

(a) The two substituents at the bridgehead carbons are 
cis to each other, analogous to the two bridgehead 
hydrogen atoms on cis-decalin. 


H os 
Me 
OH H 
The two bonds at the bridgehead 
positions (shown in bold) are cis 


to each other, just like the two 
H's in cis-decalin. 


(b) The aromatic ring is in an axial position: 


(c) The branch is equatorial to the left chair, 


On 


Me ‘ : 
=) equatorial relative 


to the left chair 


but axial to the right chair (note, this structure has been 
rotated to see the other chair more clearly): 
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axial relative to 
the right chair 


(d) The dihedral angle between the two methyl groups 
should be approximately 60° (From the perspective of 
the chair on the right, one is equatorial down, and the 
other is axial down. They are gauche to each other.) 


eq. down, 
relative to the 
right chair. Note 
that this Me is 
also axial 
relative to the 
left chair. 


axial down 


4.71. Compound (a) is cis-1,2-dimethylcyclohexane, 
which can be seen more clearly when the hydrogen 
atoms are drawn, and it is clear that both methyl groups 
are DOWN: 


H 
DOWN sCH3, DOWN 
CH = 
n i 7 g 
“CH3! DOWN 
CH3 DOWN 


Compound (b) is a Haworth projection of cis-1,2- 
dimethylcyclohexane. 
Compound (c) is also cis-1,2-dimethylcyclohexane: 


UP 
H CH3 
H CH3 UP Ca: UP 
H H 
CH3 UP 
H H DOWN 3 
DOWN 


Compound (d) is the correct answer, because this 
compound is NOT cis-1,2-dimethylcyclohexane. Rather, 
it is trans-1,2-dimethylcyclohexane, which can be seen 
more clearly when the hydrogen atoms are drawn: 


CH3 DOWN 
CH3 — ia 
CH3 = 
UP CH3 UP 
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4.72. As shown below, compound (a) has a five-carbon 


parent chain, with a methyl group (highlighted) 
connected to C2. Therefore, this compound is 2- 
methylpentane: 
H 4 5 
H 3 -CH2CH3 
1 
H3C CH3 
H 


2-methylpentane 


Compound (c) also has a five-carbon parent chain, with a 
methyl group connected to C2, so this compound is also 
2-methylpentane: 


2-methylpentane 


Similarly, compound (d) also has a five-carbon parent 
chain, with a methyl group connected to C2. Therefore, 
this compound is also 2-methylpentane: 


H 3 4 5 
H +2 CH 9CH2CH3 


H H 
CH3 


2-methylpentane 


The correct answer is compound (b). If we assign 
numbers to the carbon atoms in compound (b), we find 
that compound (b) is not 2-methylpetane. Indeed, it is 
2,3-dimethylbutane: 


2,3-dimethylbutane 


4.73. The compound with the largest heat of combustion 
will be the compound that is highest in energy. All of 
the compounds are cycloalkanes with the molecular 
formula CsHio, but they differ in the size of the rings. 
Smaller rings have more ring strain (higher energy), so 
compounds (a) and (b) are not the correct answers. The 
answer must be compound (c) or (d), both of which have 
a highly strained, 3-membered ring. The difference 
between them is the relative orientation of the methyl 
groups. The cis isomer is expected to have more 
torsional strain than the trans isomer, because the methyl 
groups are necessarily eclipsed (or close to being so), so 
compound (c) is the highest energy isomer. Compound 
(c) is therefore the correct answer. 


4.74. Heptane has the molecular formula C7H16, so we 
are looking for another compound with the same 
molecular formula. Compound (a) does not have the 
correct molecular formula (it is C7H14, rather than C7H16) 
so it is not a constitutional isomer of heptane. Similarly, 
compound (b) also has the molecular formula C7H14, so 
it is also not a constitutional isomer of heptane. 
Compound (c) has eight carbon atoms, so it is definitely 
not a constitutional isomer of heptane. Compound (d) is 
the correct answer, since it has the molecular formula 
C7Hie. 


4.75. The three staggered conformations are as follows: 


OH OH OH 
Me OH HO H H Me 
H Me H Me H Me 
Me OH 
A B Cc 


Several types of gauche interactions are present in these 
conformers (Me-Me, Me-OH, and/or OH-OH). The 
strain of a methyl-methyl gauche interaction is 3.8 
kJ/mol (see Table 4.6). The destabilization due to a Me- 
OH gauche interaction can be estimated as being roughly 
half of the value for the 1,3-diaxial interaction associated 
with an OH group (an OH group in an axial position 
experiences two gauche interactions, each of which 
might be expected to be somewhat similar to a Me-OH 
gauche interaction). Therefore, a Me-OH gauche 
interaction is expected to be approximately 4.2 / 2 = 2.1 
kJ/mol (see Table 4.8). 

Before exploring the OH-OH gauche 
interaction, our analysis thus far gives the following 
calculations for each conformer 


Conformer A: 2 x 2.1 kJ/mol = 4.2 kJ/mol 
Conformer B: 3.8 kJ/mol 
Conformer C: 2 x 2.1 kJ/mol + 3.8 kJ/mol = 8.0 kJ/mol 


This calculation must be modified when we take into 
account the effect of two OH groups that are gauche to 
each other, as seen in conformers A and B. We should 
expect an OH-OH gauche interaction to be less than a 
Me-Me gauche interaction (less than 3.8 kJ/mol), 
because an OH group appears to be less sterically 
encumbering than a methyl group (compare CH3 and OH 
in Table 4.8). Therefore, the destabilizing effect 
associated with an OH-OH gauche interaction (less than 
3.8kJ/mol) should be overshadowed by the stabilizing 
effect that results from the hydrogen bonding 
interactions between the two OH groups, which is 
expected to be approximately 20 kJ/mol (see section 
1.12). As a result, we expect extra stabilization to be 
associated with any conformer in which two OH groups 
are gauche to each other. This occurs in conformers A 
and B, but the hydroxyl groups in C are too far to form 
this type of interaction. If we assume that the 
stabilization achieved through hydrogen bonding is the 


www.MyEbookNiche.eCrater.com 


same for conformers A and B, then conformer B should 
be the lowest-energy staggered conformation for this 
isomer of 2,3-butanediol. 


4.76. 

(a) The all-equatorial chair conformation of compound 2 
experiences severe steric repulsion due to the nearby 
isopropyl groups as evident in the following drawing, in 
which we focus on the interactions between a pair of 
neighboring isopropyl groups. These interactions, 
highlighted below, occur for each pair of neighboring 
isopropyl groups. 


A Newman projection of 2, viewed down one of the C-C 
bonds connecting an equatorial isopropyl group to the 
cyclohexane ring, shows how crowded the equatorial 
groups are as the methyl groups are in constant contact 
with each other. These interactions, highlighted below, 
occur for each pair of neighboring isopropyl groups. 


(b) In the all axial chair conformation for 2, the C-H 
bond of each isopropyl group can all point towards each 
other (highlighted below) such that steric repulsion can 
be minimized. For clarity, this is shown only for the top 
face of the cyclohexane ring in the following structure. 


Pro iPr 


Furthermore, this results in a staggered conformation 
along each C-C bond between a ring carbon atom and an 
isopropyl carbon atom, which also helps to lower the 
energy of this conformation. For clarity, this is shown 
only on one face of the cyclohexane ring in the following 
structure. 


steric repulsion 
minimized 


staggered ———> gs 
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4.77. 
Each compound has three rings, labeled A, B, and C. 


In each compound, the A-B fusion represents a trans- 
decalin system: 


OD = aA 
H H 


The trans fusion imposes a severe restriction on the 
conformational flexibility of the system. Specifically, in 
a trans-decalin system, neither ring can undergo a ring- 
flip to give a different chair conformation. For each ring, 
the chair conformation shown above is the only chair 
conformation that is achievable. However, both rings are 
still free to adopt a higher energy boat conformation. 
For example, the B ring of trans-decalin can adopt the 


following boat conformation: 
H H 
H Boat 


H Chair 


In compound 1, the C ring imposes a_ further 
conformational restriction, by locking the B ring into a 
chair conformation: 


H 
ca 
\=o = o 
= {J o 
1 


In contrast, the C ring in compound 2 imposes the 
restriction of locking the B ring in a boat conformation: 


Ti 


H H 
o = H 
Weare oe? 
H 3 A 


The boat conformation of compound 2 is expected to be 
higher in energy than the chair conformation of 
compound 1. Therefore, compound 2 is expected to 
have the higher heat of combustion. In fact, the 
investigators prepared compounds 1 and 2 for the 
purpose of measuring the difference in energy between 
chair and boat conformations. 
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Chapter 5 
Stereoisomerism 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 5. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 


Vocabulary. 
° isomers have the same connectivity of atoms but differ in their spatial arrangement. 
e Chiral objects are not superimposable on their . The most common 
source of molecular chirality is the presence of a , a carbon atom bearing 


different groups. 
A compound with one chiral center will have one non-superimposable mirror image, called its 


The Cahn-Ingold-Prelog system is used to assign the of a chiral center. 

A polarimeter is a device used to measure the ability of chiral organic compounds to rotate the 
plane of light. Such compounds are said to be active. 

A solution containing equal amounts of both enantiomers is called a mixture. A 
solution containing a pair of enantiomers in unequal amounts is described in terms of 
enantiomeric (ee). 

For a compound with multiple chiral centers, a family of stereoisomers exists. Each stereoisomer 
will have at most one enantiomer, with the remaining members of the family being 


A compound contains multiple chiral centers but is nevertheless achiral because it 
possesses reflectional symmetry. 

projections are drawings that convey the configuration of chiral centers, without the 
use of wedges and dashes. 
Compounds that contain two adjacent C=C bonds are called , and they are another 
common class of compounds that can be chiral despite the absence of a chiral center. 
The stereodescriptors cis and trans are generally reserved for alkenes that are disubstituted. For 


trisubstituted and tetrasubstituted alkenes, the stereodescriptors and must be used. 
indicates priority groups on the same side, while indicates priority groups on opposite 
sides. 
Review of Skills 


Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 
the end of Chapter 5. The answers appear in the section entitled SkillBuilder Review. 


SkillBuilder 5.1 Locating Chiral centers 


CIRCLE THE CHIRAL 


CENTER IN THE = 
FOLLOWING COMPOUND 


SkillBuilder 5.2 Drawing an Enantiomer 


SHOW THREE WAYS TO 
DRAW THE ENANTIOMER 


NH2 
OF THE FOLLOWING 
COMPOUND. PLACE 
YOUR ANSWERS IN THE 


BOXES SHOWN. 
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SkillBuilder 5.3 Assigning Configuration 


ASSIGN THE CONFIGURATION 
OF THE CHIRAL CENTER IN 
THE FOLLOWING COMPOUND 


O 


wn L 


H2N 


H 


SkillBuilder 5.4 Calculating specific rotation 
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131 


CALCULATE THE 
SPECIFIC ROTATION 

GIVEN THE FOLLOWING 
INFORMATION: 

0.300 grams sucrose 
dissolved in 10.0 mL of water 
sample cell = 10.0 cm 
observed rotation = +1.99 


a 
specific rotation = [ a ] = = 


aii 


SkillBuilder 5.5 Calculating % ee 


CALCULATE THE 
ENANTIOMERIC EXCESS 

GIVEN THE FOLLOWING 
INFORMATION: 

The specific rotation of optically 
pure adrenaline is —53 . 

A mixture of (R)- and (S)- 
adrenaline was found to have a 
specific rotation of —45. 
Calculate the % ee of the 
mixture 


% ee 


observed [a] 
[a] of pure enantiomer 
——— x 100% 


100 % 


SkillBuilder 5.6 Determining Stereoisomeric Relationship 


IDENTIFY THE STEREOISOMERIC 
RELATIONSHIP BETWEEN THE 
FOLLOWING TWO COMPOUNDS 


OH OH 


SkillBuilder 5.7 Identifying Meso Compounds 


DRAW ALL POSSIBLE STEREOISOMERS OF 1,2-CYCLOHEXANEDIOL (SHOWN LEFT), AND THEN LOOK FOR A 
PLANE OF SYMMETRY IN ANY OF THE DRAWINGS. THE PRESENCE OF A PLANE OF SYMMETRY INDICATES A 
MESO COMPOUND 


OH 


ENANTIOMERS 


MESO 


SkillBuilder 5.8 Assigning configuration from a Fischer projection 


ASSIGN THE CONFIGURATION 
OF THE CHIRAL CENTER IN 
THE FOLLOWING COMPOUND 


OH 
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Common Mistakes to Avoid 


When drawing a chiral center, the four groups connected to the chiral center must be drawn so that one 
group is on a wedge (which indicates that it is coming out of the page), and one group is on a dash (which 
indicates that it is going behind the page), and two groups are on straight lines (which indicate that these 
two groups are in the plane of the page), as seen in each of the following drawings: 


k 
= 1m, 
" S 


Notice that in all of these cases, the two straight lines form a V, and neither the dash nor the wedge is 
placed inside that V. This is very important. If either the dash or the wedge is placed inside the V, the 
drawing becomes ambiguous and inaccurate. Don’t make this mistake, as it is a common mistake: 


WRONG WRONG 
A mde 
This dash cannot This wedge cannot 
be placed here, be placed here, 
inside the V inside the V 


The drawings above do not make any sense, and if a chiral center is drawn like either of the drawings 
above, it would be impossible to assign a configuration to the chiral center. Never draw a chiral center that 
way. For the same reason, never draw a chiral center like this: 


WRONG WRONG 


+ + 


These two drawings imply square planar geometry, which is not the case for an sp? hybridized carbon atom 
(the geometry is tetrahedral). In some rare cases, you might find a chiral center for which three of the lines 
are drawn as straight lines, as in the following example: 


H 


This compound has one chiral center, and its configuration is unambiguous (and therefore acceptable), 
although you will not encounter this convention often. In most cases that you will encounter in this course, 
a chiral center will be drawn as two lines (making a V), and one wedge and one dash that are both outside 
of the V: 


~ 
~ 
~ 
s 
` 
` 
` 
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Solutions 


5.1. 
There are two C=C units in the ring (highlighted), and 
their configurations are shown below. 


a 
J 


The remaining C=C unit is not stereoisomeric, because it 
has two identical groups (hydrogen atoms) connected to 
the same position. 


H 


5.2. We first draw a bond-line structure, which makes it 
easier to see the groups that are connected to each of the 
double bonds. 


ZS 


Each of the double bonds has two identical groups 
(hydrogen atoms) connected to the same position. 


a elle th 


H H 


As such, neither double bond exhibits stereoisomerism, 
so this compound does not have any stereoisomers. 


5.3. 

(a) Compound X must contain a carbon-carbon double 
bond in the ¢rans configuration, which accounts for four 
of the five carbon atoms: 


Ire 
1 3 


Now we must decide where to place the fifth carbon 
atom. We cannot attach this carbon atom to a vinylic 
position (C2 or C3), as that would give a double bond 
that is not stereoisomeric, and compound X is supposed 
to have the trans configuration. 


same 


ER 


1 3 
not stereoisomeric 
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Therefore, we must attach the fifth carbon atom to an 
allylic position, giving the following compound: 


AN 
1 3 5 


(b) Compound Y possesses a carbon-carbon double bond 
that is not stereoisomeric, which means that it must 
contain two identical groups connected to the same 
vinylic position. Those identical groups can be methyl 
groups, as in the following compound, 


same 
group D5 
ANNS 


or the identical groups can be hydrogen atoms, as in the 
following three compounds: 


j cele 
Owe, ass 


H 
H a 
5.4. In each of the following cases, we ignore all sp? 
hybridized carbon atoms, all sp hybridized carbon atoms, 


and all CH2 and CH; groups. We identify those carbon 
atoms (highlighted below) bearing four different groups: 


(a) This compound has two chiral centers: 
OH 
gy 
HO OH 


(b) This compound has five chiral centers: 


H 


(c) This compound has five chiral centers: 


OH a 
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(d) This compound has only one chiral center: 


HO 
e OH 
N 
o 


OH 


5.5. Recall that constitutional isomers are compounds 
that share the same molecular formula, but differ in 
constitution (the connectivity of atoms). There are two 
different ways that four carbon atoms can be connected 
together. They can be connected in a linear fashion 
(below left), or they can be connected with a branch 


(below right). 


branched 


LOGS 


linear 


For each of these skeletons, we must consider the 
different locations where a bromine atom can be placed. 
In the linear skeleton, the bromine atom can either be 
placed at C1 or at C2. 


BA AN 
2 4 
1 3 


Placing the bromine atom at C3 is the same as placing it 
at C2: 


Ae ay 


Similarly, placing the bromine atom at C4 is the same as 
placing it at C1. 

Now let’s consider the branched skeleton. There are two 
unique locations where the bromine atom can be placed 


(either at C1 or at C2). 


1 3 1 3 


Placing the bromine atom at C3 or C4 is the same as 


placing it at Cl: 
wo Po Br 


In summary, we have found four constitutional isomers 
with the molecular formula C4HoBr, shown again here: 


m 


chirality 


center 
SA 


Bra ONS 
Br 
sn AÀ X, 


Note that only one of these isomers exhibits a carbon 
atom that is connected to four different groups, which 
makes it a chiral center. 


5.6. The phosphorus atom has four different groups 
attached to it (a methyl group, an ethyl group, a phenyl 
group, and a lone pair). This phosphorous atom 
therefore represents a chiral center. This compound is 
not superimposable on its mirror image (this can be seen 
more clearly by building and comparing molecular 
models). 


5.7. 

(a) To draw the enantiomer, we simply redraw the 
structure in the problem statement, except that we 
replace the wedge with a dash, as shown: 


QH H 
z N 
“IK 
HO 


(b) To draw the enantiomer, we simply redraw the 
structure in the problem statement, except that we 
replace the wedge with a dash, as shown: 


i) wk 
H H 


(c) To draw the enantiomer, we simply redraw the 
structure in the problem statement, except that we 
replace the wedge with a dash, and we replace the dash 
with a wedge, as shown: 


Om 


(d) To draw the enantiomer, we simply redraw the 
structure in the problem statement, except that we 
replace the wedge with a dash, as shown: 


QH H 


HO - N 
HO 
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(e) To draw the enantiomer, we simply redraw the 
structure in the problem statement, except that we 
replace the wedge with a dash, and we replace the dash 
with a wedge, as shown: 


(£) To draw the enantiomer, we simply redraw the 
structure in the problem statement, except that we 
replace the wedge with a dash, and we replace the dash 
with a wedge, as shown: 


(g) Wedges and dashes are not drawn in the structure in 
the problem statement, because the three-dimensional 
geometry is implied by the drawing. In this case, it will 
be easier to place the mirror on the side of the molecule, 
giving the following structure for its enantiomer: 


HO 


5.8. To draw the enantiomer, we simply redraw the 
structure in the problem statement, except that we 
replace all of the wedges with dashes, and we replace all 
of the dashes with wedges, as shown: 


5.9. 

(a) This compound has two chiral centers, shown here. 
The following prioritization schemes led to the 
assignment of configuration for each chiral center. 


Prioritization scheme 


4 1 
H (OH 


z 
4 


Cc Cc 
3 2 

C æ Tie breaker —> (N 
Cc Cc 
Cc H 
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Prioritization scheme 
C N14 
2 


aÑ ic 
3 


OQ) <&—Tie breaker —== (H 
Cc H 
H H 


(b) This compound has two chiral centers, shown below. 
The following prioritization schemes led to the 
assignment of configuration for each chiral center. 


Prioritization scheme 
12 Br 
CL (C H 

G G 

3 4 
CI <€—Tie breaker —= |C 
c H 
G H 


Prioritization scheme 


Cc Cc 
3 > 2 
Br (H 
1 4 
C <&—Tie breaker —> (CÌ 
H Cc 
H Cc 


(c) This compound has two chiral centers, shown below. 
The following prioritization schemes led to the 
assignment of configuration for each chiral center. 


Prioritization scheme 


Prioritization scheme 


(6) 
Cc C}-40 
2 ` 1 G 
H) (C 

4 3 

C ~<#Tie breaker —= | H 
Cc H 
H H 
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4 1 
H © 


2 3 


O| <@— Tie breaker —> C 
(6) c 
C H 
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(d) This compound has three chiral centers. The 
following prioritization schemes led to the assignment of 
configuration for each chiral center. 


Prioritization scheme 


4 
2 H 


1 
D- N 


3.C 


S| <t—Tie breaker —= | N 
Cc 


Prioritization scheme 
31C 


Prioritization scheme 


S Cc 

f y $ xo 1 
CIH 2 (H 
3 4 


4 
C| Tie breaker —==/ N S| ~<t—Tie breaker —> N 
H G Cc 
H H H 


(e) This compound has four chiral centers, shown 
below. The following prioritization schemes led to the 
assignment of configuration for each chiral center. 


Prioritization scheme 


Prioritization scheme 


4 
2 H 


3 
9f- 


1(C 
~— Tie breaker —> (O 
Cc 


E LI 


H 


Prioritization scheme Prioritization scheme 
3 c C2 
Cc H 3 
O (G 
Cy =O 4 H 
4C 4 
Br- Tie breaker —== H Cc Cc 
Cc H C <—Tie breaker —2 H 
H H H H 


(f) This compound has two chiral centers, shown here. 
The following prioritization schemes led to the 
assignment of configuration for each chiral center. 


Prioritization scheme 


Prioritization scheme 


4 1 fe G 
H) (O 23 
AL HN 
c C 4 1 
3 2 
C) ~€—Tie breaker —> [N Oo Oo 
Cc Cc C ~<t—Tie breaker —== H 
G H H H 
N m / 
R 
o—oH 
UN O 
ON H Í 
CI CI 


5.10. 

(a) At the alpha carbon of every naturally occurring 
chiral amino acid, hydrogen is the lowest priority (#4) 
and nitrogen is the highest priority (#1). The other two 
atoms at the chiral center are both carbon (the carboxylic 
acid group and the so-called “side chain,” R, of the 
amino acid). In almost every amino acid, including 
histidine, proline and aspartic acid, the oxygen atoms of 
the carboxylic acid functional group give that carbon a 
higher priority (#2), resulting in an S configuration. 


Prioritization scheme 

G G 

3 xX 2 
A N 


S 4 1 
NH H NH> P 
C ~—Tie breaker —>/O 
(S)-histidine lr! Q 


H (0) 


O Prioritization scheme 


5 C G 
gr ae ag 
NH ZA N H 
(S)-proline a 


C Tie breaker —=|( O 


H fe) 
H o 
(0) 
HO Prioritization scheme 
X OH 
O H NH 


(S)-aspartic acid <——— 


C ~t—Tie breaker —> O 
H ie) 
H o 


The only exception is cysteine; because the attached 
sulfur atom has a higher atomic number than oxygen, it 
has the R configuration. 
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Prioritization scheme 


Oo 
oa 
H NH2 e 
A S )~€—Tie breaker —=/ O 
(R)-cysteine H o 


H o 


Note that the (S, H, H) on the side chain carbon is a 
higher priority than the (O, O, O) on the other because 
the one S has a higher atomic number than each of the 
three O’s. 


(b) Glycine is achiral because the side chain is a 
hydrogen atom, so there are two hydrogen atoms 
connected to the alpha carbon. As a result, it cannot be a 
chiral center, because it doesn’t have four unique groups. 


O 
two groups | H 
on a-carbon | a OH 
are identical NH2 


glycine (achiral) 


5.11. The problem statement indicates that 0.575 grams 
are dissolved in 10.0 mL, so the concentration is 
0.575g/10.0 mL = 0.0575g/mL. The path length is 10.0 
cm, which is equivalent to 1.00 dm, and the observed 
rotation is +1.47°. Plugging these values into the 
equation, we get the following: 


a 
specific rotation = [a] = 
cxl 
(+1.47°) 


= = +25.6 
(0.0575 g/mL) x (1.00 dm) 


5.12. The problem statement indicates that 0.095 grams 
are dissolved in 1.00 mL, so the concentration is 
0.095g/1.00 mL = 0.095g/mL. The path length is 10.0 
cm, which is equivalent to 1.00 dm, and the observed 
rotation is -2.99°. Plugging these values into the 
equation, we get the following: 


a 
specific rotation = [a] = 
cxl 
(—2.99°) 


(0.095 g/mL) x (1.00 dm) 


5.13. The problem statement indicates that 1.30 grams 
are dissolved in 5.00 mL, so the concentration is 
1.30g/5.0 mL = 0.260g/mL. The path length is 10.0 cm, 
which is equivalent to 1.00 dm, and the observed rotation 
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is +0.57°. We then plug this value into the equation, as 
shown: 


a 
specific rotation = [a] = 
cxl 
(+0.57°) 


= = +2.2 
(0.260 g/mL) x (1.00 dm) 


5.14. 

(a) In this problem we are solving for the observed 
rotation, a, with a known specific rotation, [a]. The 
concentration (c) must be calculated to obtain the proper 
units of grams per milliliter. A 500 mg tablet is 
equivalent to 0.500 grams, and with 10.0 mL of solvent, 
the concentration (c) is calculated to be 0.0500 g/mL. 
The pathlength (J) is given as 10.0 cm, which is 
equivalent to 1.00 dm. 


la] = -93.4 


a =? 


c = (0.500 g) / (10.0 mL) = 0.0500 g/mL 


I = 10.0 cm = 1.00 dm 


Plugging these values into the equation and solving for a 
gives an expected observed rotation of —4.67°. 


a 


[o] 


cxl 
a 


-93.4 a S 
0.0500 g/mL x 1.00 dm 


a = (-93.4)(0.0500)(1.00) = -4.67° 


(b) Because this enantiomer has a negative [a]? value, 
it is described as levorotatory. A clever combination of 
levorotatory and etiracetam leads to the drug’s name, 
levetiracetam. It is good to point out the sometimes 
confused, but completely separate, properties of having 
an S configuration (a result of applying IUPAC rules) 
and being levorotatory (as measured by a polarimeter). 
You will recall that a compound with an S configuration 
might be either dextrorotatory (optical rotation a > 0) or 
levorotatory (optical rotation a < 0), which can only be 
determined experimentally. 


5.15. The % ee is calculated in the following way: 


| observed a | 
%ee = x 100% 


|a of pure enantiomer | 


3 
os xX 100% 
39.5 


= 94% 
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5.16. The % ee is calculated in the following way: 


| observed a | 


%ee = 100 % 


|a of pure enantiomer | 


6. 
6. 


© 


x 100% 


(09) 


95% 
5.17. The % ee is calculated in the following way: 


| observed a | 
Mee = 100 % 


la of pure enantiomer | 


85 
— x 100% 
92 “ 


= 92% 


5.18. The magnitude of the specific rotation for 1 is 
calculated using the reported ee; the calculation below 
indicates a value of 74.4. 


| observed « | 
wee = x 100% 
| « of pure enantiomer | 


% ee x [al 
[clobserved pail AR ale 


100% 


84% x 88.6 
100% 


= 74.4 


Next, we must determine the sign (+ or —) of the specific 
rotation. The problem statement indicates that the pure 
(S) enantiomer is dextrorotatory. Since 1 has the (R) 
configuration (see below), we conclude that it must be 
levorotatory. Therefore, the specific rotation [a] should 
be —74.4. 


Prioritization scheme 

4H 01 

Cc Cc 

3 2 
C ~<—Tie breaker —= © H 
Cc O =, 
z - D 


MeO 


5.19. 
(a) We assign a configuration to each chiral center in 
each compound, and we compare: 


In the first compound, both chiral centers have the R 
configuration, while in the second compound, both chiral 
centers have the S configuration. These compounds are 
mirror images of each other, but they are 
nonsuperimposable. That is, if you try to rotate the first 
compound 180 degrees about a horizontal axis, you will 
not generate the second compound (if you have trouble 
seeing this, you may find it helpful to build a molecular 
model). These compounds are therefore enantiomers. 


(b) We assign a configuration to each chiral center in 
each compound, and we compare: 


R Sw 


In the first compound, the configurations of the chiral 
centers are R and S, while in the second compound, they 
are S and S. These compounds are stereoisomers, but 
they are not mirror images of each other. Therefore, they 
are diastereomers. 


(c) We assign a configuration to each chiral center in 
each compound, and we compare: 


OH OH 
aN RSC 
Cl 


In the first compound, the configurations of the chiral 
centers are R and R, while in the second compound, they 
are R and S. These compounds are stereoisomers, but 
they are not mirror images of each other. Therefore, they 
are diastereomers. 


(d) We assign a configuration to each chiral center in 
each compound, and we compare: 


OH OH 


4 
tn, 
My, 


In the first compound, the configurations of the chiral 
centers are R, S, and R, respectively. In the second 
compound, they are S, S, and R. These compounds are 
stereoisomers, but they are not mirror images of each 
other. Therefore, they are diastereomers. 
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(e) We assign a configuration to each chiral center in 
each compound, and we compare: 


s 


In the first compound, the configurations of the chiral 
centers are R and S, while in the second compound, they 
are R and R. These compounds are stereoisomers, but 
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they are not mirror images of each other. Therefore, they 
are diastereomers. 


5.20. (—)-Lariciresinol has 3 chiral centers, so the maximum number of stereoisomers = 2? = 8. The original compound 
is included in the total, so there are 7 additional stereoisomers. A molecule can only have one enantiomer, so the 
remaining 6 stereoisomers are all diastereomers of (—)-lariciresinol. 


H3CO 
HO 
(-)-lariciresinol 
OH 
H 
O 
HCO OCH3 
HO 5 %_on 
diastereomer 


H3C 


O 


diastereomer 


diastereomer 


HCO 


HO 


HCO 


HCO 


HO 


diastereomer 
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5.21. 

(a) Yes, there is a plane of symmetry that chops the 
goggles in half, with the right side reflecting the left side. 
(b) Yes, there is a plane of symmetry that goes through 
the handle of the cup. 

(c) No, there is no plane of symmetry. 

(d) Yes, there is a plane of symmetry that chops the 
whistle in half. 

(e) Yes, there are three planes of symmetry in this cinder 
block. 

(f) No, there are no planes of symmetry in a hand. 


5.22. The cinder block (5.21e) has three planes of 
symmetry, each of which chops the block in half. 


5.23. Each of the following compounds has a plane of 
symmetry, as shown: 


(a) (b) 
Me Cl 

(c) (d) 

Me Me 


(e) (fp 


Cl Cl 


5.24. 

(a) With two chiral centers, we would expect four 
stereoisomers. However, there are only three 
stereoisomers in this case, because the first one shown 
below is a meso compound. 


wo 
‘my, 


meso 


(b) With two chiral centers, we would expect four 
stereoisomers. However, there are only three 
stereoisomers in this case, because the first one shown 
below is a meso compound. 


HO OH HO OH HO OH 


(c) With two chiral centers, we would expect four 
stereoisomers. However, there are only three 
stereoisomers in this case, because the first one shown 
below is a meso compound. 


meso 


(d) With two chiral centers, there are four stereoisomers 
(no meso compounds). 


K 


My 


ww 


(e) With two chiral centers, we would expect four 
stereoisomers. However, there are only three 
stereoisomers in this case, because the first one shown 
below is a meso compound. 


yw 


ny 


meso 
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5.25. For a molecule with two chiral centers, we would expect up to four stereoisomers. However, there are only three 
stereoisomers in this case, because one is a meso compound, shown first below. 


H3;C—O O-CH; H3;C—O O-—CH; 


meso 
(achiral) 


chiral chiral 


The meso compound is achiral. The other two stereoisomers are chiral, and they are enantiomers of each other. The 
problem statement indicates that a racemic mixture (a pair of enantiomers) was isolated from the plant. Therefore, the 
two chiral stereoisomers must have been isolated from the plant. 


5.26. 
(a) This chiral center has the R configuration, as shown (d) This chiral center has the S configuration, as shown 
below: below: 
2 
Ox OH en O.2,0H CHOH CH2OH , CHOH 
z 4 1 = = = 
H NH, = H= NH = H l NH3 Br H = = H = Br B H 4 
CHOH CH,OH 3 CHjOH CH; CH; 3CHg 
R S 
(b) This chiral center has the S configuration, as shown 
below: 
Oo. H (e) H Ow 2H 5.27. 
Q da 
x 4 4 (a) For each chiral center, we follow the same procedure 
HO H = HOm—=H = HO H that we used in the previous problem. We first redraw 
CH3 ČH 3 ČHa the chiral center so that there are two lines, one wedge, 
and one dash: 
S 
A A 
(c) This chiral center has the S configuration, as shown D B = p——,B 
below: 2 
2 Cc Cc 
CHOH CH2OH , CH20H 
HO H = HO Z H = HO—=H4 Then, we assign priorities, and determine the 
2 £ configuration. If we repeat this process for each chiral 
CH2CH3 CH2CH3 3 CH2CH3 center, we find the following configurations: 
S 
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NHBoc NHBoc 
PhoHc— SH PhOH,C—+=-H 
HO—+S-H HoH 
H H H H 
R R 
H CH2OPh H CH2OPh 
-NS N 
H Boc H~ ~Boc 
1 2 


(b) These compounds differ in the configuration of only 
one chiral center, so they are diastereomers. That is, 
they are stereoisomers that are not mirror images. 

(c) Fischer projections show the eclipsed conformations 
of neighboring bonds, whereas bond-line structures show 
the staggered conformations of neighboring bonds. 
Visualizing the conversion between Fischer projections 
and bond-line structures therefore involves bond 
rotations. Instead, let’s use R/S assignments to compare 
bond-line structures and Fischer projections, without the 
need to rotate bonds. For convenience, we start by 
drawing the bond-line structure using wedges for all of 
the chiral centers so that the low-priority hydrogen atoms 
will all be in the back (on dashes). Then, we can assign 
each configuration and determine which chiral centers 
were drawn correctly (and which need to be changed). 
In this case, if we use this method and assign 
configurations, we find that the R/S assignments all 
match that of compound 2. So this is compound 2. 


PhO 
| 
Boc R RAN, 
`N s Boc 
H OH 
OPh 
Compound 2 


We can easily draw compound 1 from compound 2, 
because these two compounds differ in the configuration 
of only one chiral center. Changing the wedge (on the 
OH group) to a dash will necessarily change the 
configuration from R to S. 


PhO 


Compound 1 


5.28. 

(a) On the left side of the structure, the two groups are 
different (methyl and H), but the two groups on the right 
side are the same (both are methyl groups). In order to 
be chiral, the two groups on the right would have to be 
different also. This compound is not chiral. 

(b) The two groups on the left are different (methyl and 
H), and the two groups on the right are also different 
(ethyl and H), so this allene is chiral. 


(c) The two groups on the left are the same (going either 
way around the cyclopentane ring). In order to be chiral, 
the two groups would have to be different. This 
compound is not chiral. 

(d) The two groups on the left are different, and the two 
groups on the right are also different, so this allene is 
chiral. 


5.29. 

(a) The priorities (as shown below) are on opposite sides 
of the double bond, so this alkene has the Æ 
configuration. 


priority 
( ys 
C beats H 
H H 


E 


priority 
(C beats H) 
(b) The priorities (as shown below) are on the same sides 


of the double bond, so this alkene has the Z 
configuration. 


priority 
— priority 
c c 


Cc H 

C beats H 

H 4 C beats C 
Cc H 


(c) The priorities (as shown below) are on the same sides 
of the double bond, so this alkene has the Z 
configuration. 


priority 
{F beats C) \ | 
E O 
Ze - 
Z 


(d) The priorities (as shown below) are on the same sides 


Z 


priority 


o=xc 
H beats C 
H Cc 


of the double bond, so this alkene has the Z 
configuration. 
priority priority 
(Clbeats aN / (C beats H) 
CI 
z H 
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5.30. Attached to the top vinylic position, we see 
nitrogen and carbon (highlighted): 


n oO 
Ry N 
N OMe 
O 
H H 


CH3 

N has a higher atomic number than C, so the nitrogen 
group has the higher priority. Attached to the bottom 
vinylic position, we see hydrogen and carbon 
(highlighted): 


H 9 
R N 
N OMe 
O 
h H~ TCh; 


C has a higher atomic number than H so the methyl 
group has the higher priority. 

Since the higher priority groups are on opposite sides of 
the double bond, the configuration is E: 


N vs. C (N has higher priority) 


A oO 
Re N 
N OMe 
i O TE 
H CH3 


H vs. C (C has higher priority) 


5.31. This compound has two chiral centers, shown 
below. The following prioritization schemes led to the 
assignment of configuration for each chiral center. 


Prioritization scheme Prioritization scheme 


1 4 


N| < Tie breaker —= |O 
H c 
H H 


O o oH \\OH O 
N ia ee «= ee 
i S 


F 
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5.32. In this case, it will be easiest to place the mirror 
behind the molecule, giving the following structure for 
its enantiomer: 


N -CH3 
H 
O 
O 
OH 


5.33. 

(a) In order to draw the enantiomer of paclitaxel, we 
convert every wedge into a dash, and we convert every 
dash into a wedge, as shown: 


(b) Paclitaxel has eleven chiral centers (highlighted 
below). 


5.34. To assign the configuration, we must first assign 
a prioritization scheme to the four atoms connected to 
the chiral center: 


One of these atoms is H, so that atom is immediately 
assigned the fourth priority. The remaining three atoms 
are all carbon atoms, so for each of them, we prepare a 
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list of the atoms attached to them. Let’s begin with the 
double bond. Recall that a double bond is comprised of 
one o bond and one n bond. For purposes of assigning 
configurations, we treat the m bond as if it were a o bond 
to another carbon atom, like this: 

H H c 


\ ho 
C=C Cic 


is treated as 
Ks a 


We treat a triple bond similarly. Recall that triple bonds 
are comprised of one o bond and two m bonds. As such, 
each of the two m bonds is treated as if it were a o bond 
to another carbon atom: 


DOQ 


M 
Jb! 


Cc 
is treated as Ag 
n 6: 
Cc 


This gives the following competition: 


Anes 


Cn 
INNS 
Cc Cc Cc 
c c c 
Cc C~<« Tie —> H 
breaker 


Among these groups, the double bond is assigned the 
third priority in our prioritization scheme, and we must 
continue to assign the first and second priorities. 


We move one carbon atom away from the chiral center, 
and we compare the following two positions: 


In each case, we must construct a list of the three atoms 
that are connected to each position. This is easy to do 
for the left side, which is connected to two carbon atoms 
and one hydrogen atom: 


CH3 
c H d 
c AQ 
H H3C = 


For the right side, the highlighted carbon atom is part of 
a triple bond, so we treat each m bond as if it were a 
sigma bond to another carbon atom: 


ES Ç 

S is treated as Nas E 

ey G-----4e 
CH3 ¢ c E 


As such, the right side wins the tie-breaker: 


H «<«—Tie breaker ——» C 


Our prioritization scheme indicates that the chiral center 
has the R configuration: 


5.35. The chiral center has the S configuration, 
determined by the prioritization scheme shown here. 


Cu 


1 we 
DEX 
(S) 
5.36. 


(a) If we rotate the first structure 180 degrees about a 
horizontal axis, the second structure is generated. As 
such, these two structures represent the same compound. 

(b) These compounds have the same molecular formula, 
but they differ in their constitution. The bromine atom is 
connected to C3 in the first compound, and to C2 in the 
second compound. Therefore, these compounds are 
constitutional isomers. 

(c) These compounds are stereoisomers, but they are not 
mirror images of each other. Therefore, they are 
diastereomers. 

(d) If we assign a name to each structure, we find that 
both have the same name: 


(S)-3-methylhexane 


Therefore, these structures same 
compound. 

(e) These compounds are nonsuperimposable mirror 
images of each other. Therefore, they are enantiomers. 
(£) | These structures represent the same compound 
(rotating the first compound 180 degrees about a vertical 
axis generates the second compound). 

(g) These structures represent the same compound, 
which does not contain a chiral center, because there are 
two ethyl groups connected to the central carbon atom. 
(h) These structures represent the same compound 
(rotating the first compound 180 degrees about a vertical 


axis generates the second compound). 


represent the 
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5.37. 

(a) There are three chiral centers (n=3), so we expect 2” 
= 23 =8 stereoisomers. 

(b) There are two chiral centers (n=2), so we initially 
expect 2" = 2? = 4 stereoisomers. However, one of the 
stereoisomers is a meso compound, so there will only be 
3 stereoisomers. 

(c) There are four chiral centers (n=4), so we expect 2" = 
2* = 16 stereoisomers. 

(d) There are two chiral centers (n=2), so we initially 
expect 2" = 2? = 4 stereoisomers. However, one of the 
stereoisomers is a meso compound, so there will only be 
3 stereoisomers. 

(e) There are two chiral centers (n=2), so we initially 
expect 2" = 2? = 4 stereoisomers. However, one of the 
stereoisomers is a meso compound, so there will only be 
3 stereoisomers. 

(£) There are five chiral centers (n=5), so we expect 2" = 
25 = 32 stereoisomers. 


5.38. In each case, we draw the enantiomer by replacing 
all wedges with dashes, and all dashes with wedges. For 
Fischer projections, we simply change the configuration 
at every chiral center by switching the groups on the left 
with the groups on the right: 


(a) O 
© (@) 
cI F O H 
HO H 
HO H 
H OH 
CH3 


5.39. The configuration of each chiral center is shown 
below: 


(a) (b) 
O Et OH NH2 
Bu AQ 
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Cl 


(f) (g) 
Me 
sS = 
H OH = S 
k CI, S E DEn 
HO—S-H R : 
Me 7 


5.40. In this case, there is a 96% excess of A (98 — 2 = 
96). The remainder of the solution is a racemic mixture 
of both enantiomers (2% A and 2% B). Therefore, the 
enantiomeric excess (ee) is 96%. 


5.41. This compound does not have a chiral center, 
because two of the groups are identical: 


Accordingly, the compound is achiral and is not optically 
active. We thus predict a specific rotation of zero. 


Qa 


cxl 
a = [a] x cx] 


= (-13.5)(0.100 g/mL)(1.00 dm) = —1.35° 
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Q 


5.43. Observed [a] = 
cxl 


(+0.78°) 
(0.350 g/mL) x (1.00 dm) 


F | observed a | 
%ee = ————— x 100% 
|a of pure enantiomer | 
2.2 
= — x 100° 
2.8 m 
= 79% 
5.44. 


(a) One of the chiral centers has a different configuration 
in each compound, while the other chiral center has the 
same configuration in each compound. As such, these 
compounds are stereoisomers, but they are not mirror 
images of each other. They are diastereomers. 

(b) Each of the chiral centers has a different 
configuration when comparing these compounds. As 
such, these compounds are nonsuperimposable mirror 
images. They are enantiomers. 

(c) These structures represent the same compound 
(rotating the first compound 180 degrees about a 
horizontal axis generates the second compound). 

(d) These compounds are nonsuperimposable mirror 
images. Therefore, they are enantiomers. 


5.45. 

(a) One of the chiral centers has a different configuration 
in each compound, while the other chiral center has the 
same configuration in each compound. As such, these 
compounds are stereoisomers, but they are not mirror 
images of each other. They are diastereomers. 

(b) Each of the chiral centers has a different 
configuration when comparing these compounds. As 
such, these compounds are nonsuperimposable mirror 
images. They are enantiomers. 

(c) Each of the chiral centers has a different 
configuration when comparing these compounds. As 
such, these compounds are nonsuperimposable mirror 
images. They are enantiomers. 

(d) One of the chiral centers has a different configuration 
in each compound, while the other chiral center has the 
same configuration in each compound. As such, these 
compounds are stereoisomers, but they are not mirror 
images of each other. They are diastereomers. 


5.46. 

(a) True. 

(b) False. A meso compound cannot have an 
enantiomer. Its mirror image IS superimposable. 

(c) True. In a Fischer projection, all horizontal lines 
represent wedges, and all vertical lines represent dashes. 
If we rotate the structure by 90 degrees, we are changing 
all wedges into dashes and all dashes into wedges. 


Therefore, the new structure will be an enantiomer of the 
original structure. Be careful though — you can only 
rotate a Fischer projection by 90 degrees (to draw the 
enantiomer) if there is one chiral center. If there is more 
than one chiral center, then you cannot rotate the Fischer 
projection by 90 degrees in order to draw its enantiomer. 
Instead, you must change the configuration at every 
chiral center by switching the groups on the left with the 
groups on the right. 


5.47. For each chiral center, we first redraw the chiral 
center so that there are two lines, one wedge and one 
dash: 


A A 
ote = ote 
c c 
Then, we assign priorities, and determine the 
configuration. This process gives the following 
configurations: 
(a) (b) 
O OH (0) OH 
H OH R HO H S 
HO H S HO H S 
H OH R HO H S 
CH2OH CH20H 
(Q) 
(0) OH 
HO H S 
H OH R 
HO H S 
CHOH 


5.48. In order to draw the enantiomer for each 
compound, we simply change the configuration at every 
chiral center by switching the groups on the left with the 
groups on the right. 


(a) (b) 
O, OH Ox OH 
HO H S H OH R 
H OH R H OH R 
HO H S H OH R 
CH20H CHOH 
(c) 
Ox. OH 
H OH R 
HO H S 
H OH R 
CHOH 
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Q 


5.49. specific rotation = [a] = 
cxl 


(-0.47°) 
(0.0075 g / mL) x (1.00 dm) 


5.50. 
(a) This compound is (S)-limonene, as determined by the 
following prioritization scheme: 


(b) This compound is (R)-limonene, as determined by 
the following prioritization scheme: 


(c) This compound is (S)-limonene, as determined by the 
following prioritization scheme: 


(d) This compound is (R)-limonene, as determined by 
the following prioritization scheme: 


5.51. 

(a) We must first rotate 180 degrees about the central 
carbon-carbon bond, in order to see more clearly that the 
compound possesses a plane of symmetry, shown below: 


Rotate 180° 
about the central 


; ; pa C-C bond \ 4 
4 OO 
% HO OH 
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(b) We must first rotate 180 degrees about the central 
carbon-carbon bond, in order to see more clearly that the 
compound possesses a plane of symmetry, shown below: 


Rotate 180° 
about the central 


H3C. Br A C-C bond H3C CH3 
A 
Bre o — gwp Cc: 
H CH3 H |]H 


(c) We first convert the Newman projection into a bond- 
line drawing: 


A 
| 


HC H 


observer S \ Cl 
CI 


Then, we rotate 180 degrees about the central carbon- 

carbon bond, in order to see more clearly that the 

compound possesses a plane of symmetry, shown below: 
about the central 


CI C-C bond 
T — — 


` CI CI CI 


Rotate 180° 


Alternatively, we can identify the plane of symmetry 
without converting the Newman projection into a bond- 
line drawing. Instead, we rotate the central carbon- 
carbon bond of the Newman projection 180°, and we see 
that the two chlorine atoms are eclipsing each other, the 
two methyl groups are eclipsing each other, and the two 
H’s are eclipsing each other. 


Cl H 


H3C H 
CI CI cl 


In this eclipsed conformation, we can clearly see that the 
molecule has an internal plane of symmetry (it is a meso 
compound). Therefore, the compound is optically 
inactive. 
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5.52. As seen in Section 4.9, cyclobutane adopts a 
slightly puckered conformation. It has two planes of 


symmetry, shown here: 
pee 


H H H 


CH3 


H3C 


HH 


5.53. 

(a) One of the chiral centers has a different configuration 
in each compound, while the other chiral center has the 
same configuration in each compound. As such, these 
compounds are stereoisomers, but they are not mirror 
images of each other. They are diastereomers. 

(b) These compounds have the same molecular formula 
(CsHie), but they differ in their constitution. The first 
compound is 1,2-disubstituted, while the second 
compound is 1,3-disubstituted. Therefore, they are 
constitutional isomers. 

(c) Let’s redraw the compounds in a way that shows the 
configuration of each chiral center without showing the 
conformation (chair). This will make it easier for us to 
determine the stereoisomeric relationship between the 
two compounds: 


When drawn in this way, we can see clearly that one of 
the chiral centers has a different configuration in each 
compound, while the other chiral center has the same 
configuration in each compound. As such, these 
compounds are stereoisomers, but they are not mirror 
images of each other. They are diastereomers. 

(d) Let’s redraw the compounds in a way that shows the 
configuration of each chiral center without showing the 
conformation (chair). This will make it easier for us to 
determine the stereoisomeric relationship between the 
two compounds: 


When drawn in this way, we can see clearly that one of 
the chiral centers has a different configuration in each 


compound, while the other chiral center has the same 
configuration in each compound. As such, these 
compounds are stereoisomers, but they are not mirror 
images of each other. They are diastereomers. 

(e) It might appear as if each of the chiral centers has a 
different configuration when comparing these 
compounds. However, each of these compounds has an 
internal plane of symmetry (horizontal plane). As such, 
both structures represent the same meso compound. 
These two structures are the same. 

(f) Each of the chiral centers has a different 
configuration when comparing these compounds. As 
such, these compounds are nonsuperimposable mirror 
images. They are enantiomers. 


5.54. 

(a) The specific rotation of (R)-carvone should be the 
same magnitude but opposite sign as the specific rotation 
of (S)-carvone (assuming both are measured at the same 
temperature). Therefore, we expect the specific rotation 
of (R)-carvone at 20°C to be —61. 


(b) 
| observed a | 


%ee = 100 % 


|a of pure enantiomer | 


55 > 
= = x 100% 


90 % 


(c) Since the ee is 90%, the mixture must be comprised 
of 95% (R)-carvone and 5% (S)-carvone (95 — 5 = 90). 


5.55. 

(a) This compound has a non-superimposable mirror 
image, and therefore it is chiral. 

(b) This compound has a non-superimposable mirror 
image, and therefore it is chiral. 

(c) This compound lacks a chiral center and is therefore 
achiral. 

(d) This compound has a non-superimposable mirror 
image, and therefore it is chiral. 

(e) This compound is a meso compound, which we can 
see more clearly if we rotate the central carbon-carbon 
bond by 180 degrees, shown below. Since the 
compound is meso, it must be achiral. 


Rotate 180° 
about the central HO OH 


i / C-C bond 
aI 
OH 


(f) This compound has an internal plane of symmetry 
and is therefore a meso compound. As such, it must be 
achiral. 

(g) This compound has an internal plane of symmetry 
(chopping the OH group in half and chopping the methy1 
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group in half) and is therefore a meso compound. As 
such, it must be achiral. 

(h) This compound has a non-superimposable mirror 
image, and therefore it is chiral. 

(i) This compound has a non-superimposable mirror 
image, and therefore it is chiral. 

(j) This compound lacks a chiral center and is therefore 
achiral. 

(k) This compound has an internal plane of symmetry 
and is therefore a meso compound. As such, it must be 
achiral. 

() This compound has an internal plane of symmetry 
(shown below), and is therefore a meso compound. As 
such, it must be achiral. 


Q 


cxl 
a = [a] x cxl 
= (+24)(0.0100 g / mL)(1.00 dm) = +0.24° 


5.57. 

(a) If we rotate the central carbon-carbon bond of the 
Newman projection 180°, we arrive at a conformation in 
which the two OH groups are eclipsing each other, the 
two methyl groups are eclipsing each other, and the two 
H’s are eclipsing each other. 


OH H 
H CH3 H CH3 


H3C H 
OH HO OH 


In this eclipsed conformation, we can clearly see that the 
molecule has an internal plane of symmetry (it is a meso 
compound). Therefore, the compound is optically 
inactive. 


(b) We first convert the Newman projection into a bond- 
line drawing: 


back 
carbon 


H3C cl 


H CH3 
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When drawn in bond-line format, we can see that the 
compound has two chiral centers (highlighted): 


This compound is chiral and therefore optically active. 


~ 
= 
I 
wo 
Il 


(c) This compound has a non-superimposable mirror 
image, so it is chiral. Therefore, it is optically active. 


(d) Let’s redraw the compound in a way that shows the 
configuration of each chiral center without showing the 
conformation (chair). This will make it easier for us to 


evaluate: 
~S J 


2 


This compound has an internal plane of symmetry, so it 
is a meso compound. As such, it is achiral and optically 
inactive. 


(e) This compound has a non-superimposable mirror 
image, so it is chiral. Therefore, it is optically active. 


(£) We first convert the Newman projection into a bond- 
line drawing: 
back 
carbon 


H H <j a 


observer H3C 


front 
carbon 


This compound is 3-methylpentane, which does not have 
achiral center. Therefore, it is optically inactive. 


not a chiral center 
H3C CH3 
(g) This compound has an internal plane of symmetry (a 
vertical plane that chops one of the methyl groups in 


half), so it is a meso compound. As such, it is achiral 
and optically inactive. 
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(h) This compound has an internal plane of symmetry, so 
it is a meso compound. As such, it is achiral and 


optically inactive. 


N dnne 


5.58. In each case, begin by numbering the carbon 
atoms in the Fischer projection (from top to bottom) and 
then draw the skeleton of a bond-line drawing with the 
same number of carbon atoms. Then, place the 
substituents in their correct locations (by comparing the 
numbering system in the Fischer projection with the 
numbering system in the bond-line drawing). When 
drawing each substituent in the bond-line drawing, you 
must decide whether it is on a dash or a wedge. For each 
chiral center, make sure that the configuration is the 
same as the configuration in the Fischer projection. If 
necessary, assign the configuration of each chiral center 
in both the Fischer projection and the bond-line drawing 
to ensure that you drew the configuration correctly. 
With enough practice, you may begin to notice some 
trends (rules of thumb) that will allow you to draw the 
configurations more quickly. 


(a) 
1 
CH3 
H—Ž oH OH OH 
HO—2-H = ee 
ZIONS 
H—4 oH 1 BS 
5 OH 
CH3 
(b) 
1 CH; 
2 CH3 
H— 0H OH OH 
HO 4 H = = = 
PBK EO 
H—- OH 2 54 6 
6 OH 
CH3 
(c) 
1 ÇH; 
2 CH2 
HoH OH OH 
H—*+0OH = 
1 3 5 
HO—B-+H 2 4 6 
6 OH 
CH3 


(d) 
1 CH3 
g Cl OH 
H Gq 2 
Ho} HO aoa 
1 
4CH3 i 
(e) 
1 CH3 
3 Cl OH 
Cl Ho 
HoH 2.3 
1 
4 CH3 j 
5.59. 


(a) The compound in part (a) of the previous problem 
has an internal plane of symmetry, and is therefore a 


meso compound: 
HO i OH 


\ 
? 


(b) The structures shown in parts (b) and (c) of the 
previous problem are enantiomers. An equal mixture of 
these two compounds is a racemic mixture, which will be 
optically inactive. 


(c) Yes, this mixture is expected to be optically active, 
because the structures shown in parts (d) and (e) of the 
previous problem are not enantiomers. They are 
diastereomers, which are not expected to exhibit equal 
and opposite rotations. 


5.60. As we saw in problem 5.58, it is helpful to use a 
numbering system when converting one type of drawing 
into another. When drawing each substituent in the 
Fischer projection, you must decide whether it is on the 
right or left side of the Fischer projection. For each 
chiral center, make sure that the configuration is the 
same as the configuration in the bond-line drawing. If 
necessary, assign the configuration of each chiral center 
in both the Fischer projection and the bond-line drawing 
to ensure that you drew the configuration correctly. 
With enough practice, you may begin to notice some 
trends (rules of thumb) that will allow you to draw the 
configurations more quickly. 


(a) 
QOH 
OH O 1 
Ho. A Ano = HO : H 
4 H OH 
oH 4 CH2OH 
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(b) 


x= 
O 
a 
A 
O 
N 
O 
x= 
Il 


(c) 


OH oO 
wor N on 
OH OH 


5.61. As shown below, there are only two stereoisomers 
(the cis isomer and the trans isomer). 


E 
O 


cis 


` ww 
yw 


trans 


5CH2OH 


With two chiral centers, we might expect four possible 
stereoisomers, but two stereoisomers are meso 
compounds, as shown above, so these are the only two 
isomers. 


5.62. With three chiral centers, we would expect eight 
stereoisomers (2? = 8), labeled 1-8. However, structures 
1 and 2 represent one compound (a meso compound), 
while structures 3 and 4 also represent one compound (a 
meso compound). In addition, structure 5 is the same as 
structure 8, while structure 6 is the same as structure 7 
(you might find it helpful to build molecular models to 
see this). Structures 5-8 are not meso structures. The 
reason for the equivalence of structures 5 and 8 (and also 
for the equivalence of 6 and 7) is that the central carbon 
atom in each of these four structures is actually not a 
chiral center. For structures 5-8, changing the 
“configuration” at the central carbon atom does not 
produce a stereoisomer, which proves that the central 
carbon atom is not a chiral center in these cases. 

In summary, there are only four stereoisomers (structures 
1, 3, 5, and 6). 


CHAPTER 5 151 


OH OH 
ee HO, -A_ OH 
1 2 
OH OH 
HO, 2 OH HO, acl 
3 4 
OH OH 
ae OH HO, Di 
5 6 
OH OH 
HO, aa D oa 
7 8 


5.63. 

(a) The second compound is 2-methylpentane. If we 
redraw the first compound as a bond-line drawing, rather 
than a Newman projection, we see that the first 
compound is 3-methylpentane. 


1 


H H 
HaT Hs ae 
5 CH3 À a 
observer 
These two compounds, 2-methylpentane and 3- 


methylpentane, have the same molecular formula 
(CoHi4) but different constitution, so they are 
constitutional isomers. 


(b) The first 
cyclohexane: 


compound is ¢rans-1,2-dimethyl- 


yw 


trans 


In contrast, the second compound is cis-1,2-dimethyl- 
cyclohexane. These compounds are stereoisomers, but 
they are not mirror images of each other. Therefore, they 
are diastereomers. 


www.MyEbookNiche.eCrater.com 


152 CHAPTER 5 


5.64. The compound is chiral because it is not 
superimposable on its mirror image, shown below. 


CH3 
non = 
H 


5.65. This compound has a center of inversion, which is 
a form of reflection symmetry. As a result, this 
compound is superimposable on its mirror image and is 
therefore optically inactive. 


5.66. The compound contains three chiral centers, with 
the following assignments: 


O 
H 
O Ow 
R sy \ | 
O-O 


With three chiral centers, there should be a total of 23 = 8 
stereoisomers, shown below. Pairs of enantiomers are 
highlighted together. All other relationships are 
diastereomeric. 


enantiomers 


5.67. 

(a) The following are the prioritization schemes that give 
rise to the correct assignment of configuration for each 
chiral center. 


4 
3 


2 
a 
A” e 1 nny 


S 


(b) The total number of possible stereoisomers is 2” 
(where n = the number of chiral centers). With three 
chiral centers, we expect 2? = 8 possible stereoisomers, 
one of which is the natural product coibacin B. 


5.68. There are two different C=C m bonds in this 
compound. For clarity, some of the hydrogen atoms 
have been drawn explicitly in the drawing below. The 
C=C x bond on the left is not stereoisomeric, because 
there are two hydrogen atoms (highlighted) attached to 
the same position. 


HO O 


The C=C r bond on the right is stereoisomeric. The two 
high-priority carboxylic acid groups on opposite sides of 
the z bond, giving the E configuration. 


This compound has one stereoisomer, in which the 
carboxylic acid groups are on the same side of the n 
bond (the Z configuration), shown below: 


O OH 
OH 


SNo 


H 
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5.69. When you draw out the condensed group at the top, you will find that, as an ester, it contains no chiral center. 
There are only two carbon atoms, marked with asterisks below, that bear four different groups. To draw the four 
possible stereoisomers, draw the various combinations of dashed and wedged bonds at these two chiral centers (the 
hydrogens at the chiral centers have been omitted for clarity). Since there are two chiral centers, there will be 27, or 4, 
stereoisomers. 


CH20COCH3 CH20COCH3 
OH O 
O 
ll OH 
H2C—O—C—CH3 ci eu 
° tS CH; ° ; `O 
CH3 CH3 
CH20COCH3 CH20COCH3 
CH3 
two chiral centers 
Kaip ci 
CH 
3 ; `o CH3 


CH3 


5.70. The enantiomer of a chiral molecule is its mirror image. The mirror can be placed anywhere, so there are 
multiple ways of correctly representing the enantiomer depending on where you place the mirror. In this case, the 
stereochemistry of the bicyclic part of the compound is implied by the drawing, so the mirror is most easily placed on 
the side of the molecule. Notice that the wedge remains a wedge because a mirror placed on the side reverses left and 
right sides only; it does not exchange front and back. 


o 
bythe 
et 
NO 
i X 
O 
1 


= 


Enantiomer of 1 


5.71. 
(a) The product has one chiral center, which can either have the S configuration or the R configuration, as shown here. 
O O O O 
EtO X OEt EtO OEt 
= H \\ H 
NO> S NO? 
S-product R-product 
(major product when using Cu! catalyst) (major product when using Cu" catalyst) 


(b) Acetonitrile (CH3CN) is the best choice of solvent because it results in the highest combination of enantioselectivity 
(72% ee) and percent yield (55%). While toluene gives the same % yield, enantioselectivity in this solvent is 
significantly lower. 


Solvent %ee “AS %R 
toluene 24 62 38 
tetrahydrofuran 48 74 26 
CH3CN 72 86 14 
CHCl; 30 65 35 
CH2C12 46 73 27 
hexane 51 75.5 | 24.5 
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5.72. There is one chiral center, which was incorrectly 
assigned. So, it must have the R configuration, as shown 
below, rather than the S configuration (as originally 
thought). 

1 /=N 

N 


OMe 


Correct structure of (+)-trigonoliimine A 
(enantiomer of the structure reported in 2010). 


5.73. 

(a) To draw the enantiomer, we simply redraw the 
structure in the problem statement, except that we 
replace all dashes with wedges, and all wedges with 
dashes, as shown: 


o H 


(2nd major product) 


(b) The following compounds are the minor products, as 
described in the problem statement. 


oO 


(c) The minor products are nonsuperimposable mirror 
images of each other. Therefore, they are enantiomers. 


(d) They are stereoisomers, but they are not mirror 
images of each other. Therefore, they are diastereomers. 


5.74. The configuration of a chiral center (called a 
“stereocenter” in the problem statement) does not depend 
on temperature, so (d) is not the correct answer. The 
answer also cannot be (c), because the term Z is used to 
designate the configuration of an alkene (this term is not 
used for chiral centers). In order to determine whether 


the configuration is R or S, we must assign priorities to 
each of the four groups connected to the chiral center. 
The hydrogen atom certainly receives the fourth priority, 
and the methyl group receives the third priority: 


In order to determine which of the two highlighted 
carbon atoms receives the highest priority, we must 
construct a list of the three atoms connected to each of 
those positions, and we look for the first point of 
difference: 
H CH 
NS 


NN 


O «—>N 


H N 
H N 


Since O has a higher atomic number than N, the 
priorities are as follows: 


Since the fourth priority (H) is on a wedge (rather than a 
dash), these priorities correspond with an R 
configuration, so the correct answer is (a). 


5.75. These compounds have the same connectivity — 
they differ only in the spatial arrangement of atoms. 
Therefore, they must be stereoisomers, so the answer is 
not (c) or (d). To determine whether these compounds 
are enantiomers or diastereomers, we must decide 
whether the compounds are mirror images or not. These 
compounds are NOT mirror images of each other, so 
they cannot be enantiomers. Since they are 
stereoisomers but not enantiomers, they must be 
diastereomers. 

Note that there are three chiral centers (highlighted 
below) in each of these compounds. These compounds 
differ from each other only in the configuration of one of 
these chiral centers, thereby justifying their designation 
as diastereomers: 


OH H 
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5.76. Compound (a) has a plane of symmetry and is 
therefore a meso compound. This compound will be 
optically inactive: 


COOH 
H OH 
HO H 
H——OH 
COOH 


Compound (b) is shown in a chiral conformation, but this 
conformation equilibrates with its enantiomer via 
conformational changes that occur readily at room 
temperature. Therefore, this compound will be optically 
inactive. 


5.77. 
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Compound (c) is also a meso compound, as shown 
below, so it is also optically inactive: 


CH3 Rotate H 
H LX Br front carbon atom H Br 
Br H 
CH3 H3C CH3 
meso 


By process of elimination, the correct answer must be 
(d). Indeed, this compound is chiral and therefore 
optically active: 


i i CH 
H 3 CH3 aS 3 

Kar NKL = 
RSC 

H° H Hs 


Chiral 


The following are two examples of correct answers, where the molecule is viewed from different perspectives. 


On . 
HN HO 
HO 


OCH; 


A suggested approach to this problem: 


a H 


H 


2 = 4 
TA = GasTAn& waa, 
H 


HoN 


HO OCH; 


1) Draw a chair structure of the ring on the right side of the compound. 

2) Now, to find an appropriate place to connect the second ring, find two axial positions on adjacent carbon 
atoms so that they are down and up when going counterclockwise around the ring, as they are in the wedge 
and dash drawing. These are the two bridgehead positions. 

3) Draw the second ring (with connecting bonds equatorial to the first ring). 

4) Replace appropriate methylene groups in the rings with oxygen atoms. 


5) Draw all substituents. 


www.MyEbookNiche.eCrater.com 


156 CHAPTER 5 


5.78. 

(a) The compound exhibits rotational symmetry, because 
it possesses an axis of symmetry (consider rotating the 
molecule 180° about this vertical axis). You might find 
it helpful to construct a molecular model of this 
compound. 


Axis of rotation 


(b) The compound lacks reflectional symmetry; it does 
not have a plane of symmetry. 

(c) Chirality is not dependent on the presence or absence 
of rotational symmetry. It is only dependent on the 
presence or absence of reflectional symmetry. This 
compound lacks reflectional symmetry and is therefore 
chiral. That is, it has a non-superimposable mirror 
image, drawn here: 


5.79. 

(a) In the following Newman projection, the front carbon 
atom is connected to only two groups, and the back 
carbon atom is also connected to only two groups: 


(iPr)3SiO Br 


Notice that the two groups connected to the front carbon 
atom are twisted 90° with respect to the two groups 
connected to the back carbon atom. This is because the 
central carbon atom (in between the front carbon atom 
and the back carbon atom) is sp hybridized — it has two p 
orbitals, which are 90° apart from each other. One p 
orbital is being used to form one n bond, while the other 
p orbital is being used to form the other z bond. 


(b) To draw the enantiomer, we could either switch the two groups connected to the front carbon atom, or we could 
switch the two groups connected to the back carbon atom. The former is shown here, in both bond-line format and in a 


Newman projection. 


Br 
a~ OSi(iPr 
EEN (iPr)3 
— | (0) 
N=N=N 
—_ = O 
\ 
O 


B A. 
r 
/ Y 
o 


(iPr)3SiO 


(c) To draw a diastereomer of the original compound, simply convert the trans configuration of the alkene to a cis 
configuration. The two diastereomers (both cis alkenes) are enantiomers of each other. 
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OSi(iPr) a Zz 2 
yw OSi(/Pr 
C= =e. a 
DEn Oo | (iPr)3SiO 
N=N=N a 
/ Nw @ 
(®) NSP 
© @ Ns 
N=N=N = NSi wee 
(0) 
a — OSi(iPr 
B, e=ceos rD o 
P 
o | 
iPr)3SiO 
o (iPr)3Si Br 
/ 
(0) 


5.80. 
(a) Glucuronolactone 1L is the enantiomer of 1D, which is shown in the problem statement. To draw the enantiomer of 
1D, we simply redraw it, except that we replace all dashes with wedges, and all wedges with dashes, as shown: 


enantiomers enantiomers enantiomers enantiomers meso compounds (achiral) 


a 


can be prepared from either reactant 


(d) The four products that are accessible from either of the reactants are the four products shown on the right in the 
solution to part c, as indicated above. Recall that the synthetic protocol allows for control of configurations at C2, C3 
and C5, but not at C4. Therefore, in order for a specific stereoisomer to be accessible from either 1D or from 1L, that 
stereoisomer must display a specific feature. To understand this feature, we must draw one of the ten stereoisomers 
and then redraw it again after rotating it 180 degrees about a vertical axis. For example, let’s do this for one of the 
meso compounds: 


www.MyEbookNiche.eCrater.com 


158 CHAPTER 5 


A 
H 
N o Sf lis 
HO OH Rotate 180 HO 
about axis shown R 
HO HO 
This configuration This configuration 
can be achieved can be achieved 
starting with 1D starting with 1L 


Now we look at the configuration of the chiral center in the bottom right corner of each drawing above (highlighted in 


gray). Notice that they have opposite configuration. This is the necessary feature that enables this compound to be 
accessible from either 1D or from 1L. Here is another example: 


YA 
H 
N NN o 
HO OH Rotate 180 
about axis shown 
HO 

This configuration This configuration 
can be achieved can be achieved 
starting with 1D starting with 1L 


Once again, this stereoisomer will be accessible from either 1D or from 1L. In contrast, the first six structures (in the 
answer to part c) do not have this feature. For example, consider the first structure: let’s draw it, rotate it 180 degrees, 
and then inspect the configuration in the bottom right corner of each drawing: 


A 
H 
Wy N o 
Ho y Rotate 180 
— 
£ about axis shown 
HO 
This configuration This configuration 
can be achieved cannot be achieved 
starting with 1D starting with 1L 


Note that in this case, the configuration in the bottom right corner of each drawing of this structure is the same. 
Therefore, this stereoisomer can ONLY be made from 1D. It cannot be made from 1L. A similar analysis for the first 
six stereoisomers (in the answer to part c) shows that all six of these stereoisomers require a specific enantiomer for the 
starting material. Only the last four stereoisomers can be made from either 1D or from 1L. 
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Chapter 6 
Chemical Reactivity and Mechanisms 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 6. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 
Vocabulary. 


° reactions involve a transfer of energy from the system to the surroundings, 
while reactions involve a transfer of energy from the surroundings to the system. 

e Each type of bond has a unique energy, which is the amount of 
energy necessary to accomplish homolytic bond cleavage. 

e Entropy is loosely defined as the of a system. 

e In order for a process to be spontaneous, the change in must be negative. 


e The study of relative energy levels and equilibrium concentrations is called 


e The study of reaction rates is called : 
° speed up the rate of a reaction by providing an alternate pathway with a lower 


energy of activation. 

e Onan energy diagram, each peak represents a , While each valley 
represents . 

e A has an electron-rich atom that is capable of donating a pair of electrons. 

e An has an electron-deficient atom that is capable of accepting a pair of 
electrons. 

e For ionic reactions, there are four characteristic arrow-pushing patterns: 1) 

52) »3) , and 4) 

e = Asaresultofhyperconjugation, =—=—_ carbocations are more stable than secondary 

carbocations, which are more stable than carbocations. 
Review of Skills 


Fill in the empty boxes below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 6. The answers appear in the section entitled SkillBuilder Review. 


SkillBuilder 6.1 Predicting AH” of a Reaction 


EXAMPLE STEPS 1 AND 2 STEP 3 
CALCULATE AH IDENTIFY THE BDE OF EACH BOND BROKEN AND FORMED, TAKE THE SUM OF STEPS 1 AND 2 
FOR THIS REACTION AND DETERMINE THE APPROPRIATE SIGN FOR EACH VALUE 
H Cl 
AN Zn kJ / mol kJ / mol 
| Pa 2/2 2) 
a 
kJ / mol kJ / mol kJ / mol kJ / mol 
$ i A 
CI bA W 
ota) aC) CD ee 
kJ / mol kJ / mol 
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SkillBuilder 6.2 Identifying Nucleophilic and Electrophilic Centers 


CLASSIFY EACH OF THE HIGHLIGHTED REGIONS BELOW AS EITHER A NUCLEOPHILIC CENTER 
OR AN ELECTROPHILIC CENTER 


SkillBuilder 6.3 Identifying an Arrow Pushing Pattern 


IDENTIFY EACH OF THE FOUR TYPES OF ARROW PUSHING PATTERNS 


SkillBuilder 6.4 Identifying a Sequence of Arrow Pushing Patterns 


IDENTIFY EACH OF THE FOLLOWING ARROW PUSHING PATTERNS 
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SkillBuilder 6.5 Drawing Curved Arrows 


CHAPTER 6 


STEP 1- IDENTIFY WHICH OF THE FOUR ARROW PUSHING STEP 2 - DRAW THE CURVED ARROW, FOCUSING ON THE 
PATTERNS TO USE IN THE FOLLOWING CASE: PROPER PLACEMENT OF THE TAIL AND HEAD OF EACH 
CURVED ARROW 
m H 
| 
(0) 
HOH i AQ ij 
S 2 £0 x @ + 130. 
H/H H H 
H H 


SkillBuilder 6.6 Predicting Carbocation Rearrangements 


STEP 1- CIRCLE THE 


STEP 2 - IDENTIFY 


STEP 3- FIND ANY 


STEP 4 - DRAW A CURVED ARROW SHOWING THE C+ 


161 


CARBON ATOMS ANY H OR CH3 GROUPS REARRANGEMENT AND THEN DRAW THE NEW 
BELOW THAT ARE ATTACHED DIRECTLY THAT CAN MIGRATE CARBOCATION 

IMMEDIATELY TO THESE TE E TO GENERATE 

ADJACENT TO THE C+ CARBON ATOMS A MORE STABLE C+ 


© 


Common Mistakes to Avoid 


In this chapter, we learned many skills that are necessary for drawing reaction mechanisms 
(identifying nucleophilic and electrophilic centers, drawing curved arrows, identifying arrow-pushing 
patterns, etc.). We will use these skills frequently in the upcoming chapters. In particular, it is important to 
become proficient with curved arrows, as they represent the language of reaction mechanisms, and you will 
have to become fluent in that language as we progress through the chapters. There are many common 
mistakes that students make when drawing curved arrows, and most of those mistakes can be avoided if 
you always remember that curved arrows represent the motion of electrons. That is, the tail of every 
curved arrow must identify which electrons are moving, and the head of every curved arrow must show 
where those electrons are going. Let’s first focus on the tail. The tail must always be placed on electrons, 
which means that it must be placed either on a lone pair or on a bond. If we examine each of the four 
characteristic arrow-pushing patterns below, we see this clearly: 


Loss of a leaving group 
Br 
e 


Rearrangement 


HQ CH 
re o 
— @ 


Notice that the tail of each curved arrow is placed on a lone pair or on a bond. Similarly, the head of every 
curved arrow must either show the formation of a lone pair or the formation of a bond. Look at all of the 
curved arrows above and convince yourself that this is correct. If you keep this in mind when drawing 
curved arrows, you can avoid many silly errors. 


Nucleophilic attack 


— 


kas 
© 
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Solutions 


6.1. 

(a) Using Table 6.1, we identify the bond dissociation 
energy (BDE) of each bond that is either broken or 
formed. For bonds broken, BDE values will be positive. 
For bonds formed, BDE values will be negative. 


(d) Using Table 6.1, we identify the bond dissociation 
energy (BDE) of each bond that is either broken or 
formed. For bonds broken, BDE values will be positive. 
For bonds formed, BDE values will be negative. 


Bonds Broken kJ/mol 
Bonds Broken kJ/mol (CH3)3C—I + 209 
H—CH(CHs3)2 + 397 H—OH + 498 
Br—Br +193 

Bonds Formed kJ/mol 
Bonds Formed kJ/mol (CH3)3C—OH — 381 
(CH3)2CH—Br — 285 H—I — 297 
H—Br — 368 


The net sum is — 63 kJ/mol. AH” for this reaction is 
negative, which means that the system is losing energy. 
It is giving off energy to the environment, so the reaction 
is exothermic. 


(b) Using Table 6.1, we identify the bond dissociation 
energy (BDE) of each bond that is either broken or 
formed. For bonds broken, BDE values will be positive. 
For bonds formed, BDE values will be negative. 


The net sum is + 29 kJ/mol. AH? for this reaction is 
positive, which means that the system is gaining energy. 
It is receiving energy from the environment, so the 
reaction is endothermic. 


6.2. Begin by identifying all of the bonds that are being 
made or broken in the reaction. For simplicity, we will 
focus on the region of the molecule where the change is 
taking place, and we redraw the reaction as follows: 


Bonds Broken kJ/mol 
(CH3)3C—Cl +331 
H—OH +498 
Bonds Formed kJ/mol 
(CH3)3C—OH — 381 
H—Cl — 431 


The net sum is + 17 kJ/mol. AH?” for this reaction is 
positive, which means that the system is gaining energy. 
It is receiving energy from the environment, so the 
reaction is endothermic. 


(c) Using Table 6.1, we identify the bond dissociation 
energy (BDE) of each bond that is either broken or 
formed. For bonds broken, BDE values will be positive. 


For bonds formed, BDE values will be negative. 


Bonds Broken kJ/mol 
(CH3)3C—Br +272 
H—OH +498 
Bonds Formed kJ/mol 
(CH3)3C—OH -381 
H—Br — 368 


The net sum is + 21 kJ/mol. 


AH? for this reaction is 


positive, which means that the system is gaining energy. 
It is receiving energy from the environment, so the 


reaction is endothermic. 


The highlighted bonds represent the bonds that are 
broken or formed. Notice that the C=C bond is not 
completely broken, but it is converted to a single bond. 
That is, only the z bond is broken, not the o bond. Table 
6.1 lists only o bonds (it does not list the 7 component of 
a C=C bond), but we can determine the value of the m 
component, given the value of the entire double bond: 


BDE(c) + BDE (7) = BDE (double) 
356 kJ/mol + BDE(z) = 607 kJ/mol 
BDE(a) = 251 kJ/mol 


We are using the BDE of CH3CH2-CH3 as the best 
estimate for the o bond of our double bond because the 
substitution pattern is the same. Notice that the m 
component is not as strong as the o component of the 
C=C bond. Indeed, this is why the m component of the 
C=C bond is broken while the o component remains 
intact. 

The calculation for AH is as follows: 
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Bonds Broken kJ/mol 
C=C (just the = component) +251 
H-Br +368 
Bonds Formed kJ/mol 


primary C-Br —285 
(approximated by CH3CH2-Br) 
secondary C-H 
(approximated by H-CH(CH3)2) 


-397 


The net sum is —63 kJ/mol. Since AHL is predicted to be 
negative, we can also predict that this reaction will be 
exothermic. 


6.3. 

(a) ASsys is expected to be negative (a decrease in 
entropy) because two molecules are converted into one 
molecule. 

(b) ASsys is expected to be negative (a decrease in 
entropy) because an acylic compound is converted into a 
cyclic compound. 

(c) ASsys is expected to be positive (an increase in 
entropy) because one molecule is converted into two 
molecules. 

(d) ASsys is expected to be positive (an increase in 
entropy) because one molecule is converted into two 
ions. 

(e) ASsys is expected to be negative (a decrease in 
entropy) because two chemical entities are converted 
into one. 

(f) ASsys is expected to be positive (an increase in 
entropy) because a cyclic compound is converted into an 
acyclic compound. 


6.4. 

(a) There is a competition between the two terms 
contributing to AG. In this case, the reaction is 
endothermic, which contributes to a positive value for 
AG, but the second term contributes to a negative value 
for AG: 


AG= AH + (-TAS) 


© © 


The sign of AG will therefore depend on the competition 
between these two terms, which is affected by 
temperature. A high temperature will cause the second 
term to dominate, giving rise to a negative value of AG. 
A low temperature will render the second term 
insignificant, and the first term will dominate, giving rise 
to a positive value of AG. 


(b) In this case, both terms contribute to a negative value 
for AG, so AG will definitely be negative (the process 
will be spontaneous). 


(c) In this case, both terms contribute to a positive value 
for AG, so AG will definitely be positive (the process 
will not be spontaneous). 


CHAPTER 6 163 


(d) There is a competition between the two terms 
contributing to AG. In this case, the reaction is 
exothermic, which contributes to a negative value for 
AG, but the second term contributes to a positive value 
for AG: 


AG= AH + (-TAS) 


e © 


The sign of AG will therefore depend on the competition 
between these two terms, which is affected by 
temperature. A high temperature will cause the second 
term to dominate, giving rise to a positive value of AG. 
A low temperature will render the second term 
insignificant, and the first term will dominate, giving rise 
to a negative value of AG. 


6.5. A system can only achieve a lower energy state by 
transferring energy to its surroundings (conservation of 
energy). This increases the entropy of the surroundings, 
which more than offsets the decrease in entropy of the 
system. As a result, AStot increases. 


6.6. 

(a) A positive value of AG favors reactants. 

(b) A reaction for which Keq < 1 will favor reactants. 

(c) AG = AH — TAS = (33 kJ/mol) — (298 K)(0.150 
kJ/mol « K) = -11.7 kJ/mol 

A negative value of AG favors products. 

(d) Both terms contribute to a negative value of AG, 
which favors products. 

(e) Both terms contribute to a positive value of AG, 
which favors reactants. 


6.7. 

(a) Process D will occur more rapidly because it has a 
lower energy of activation than process A. 

(b) Process A will more greatly favor products than 
process B, because the former is exergonic (the products 
are lower in energy than the reactants) while the latter is 
not exergonic. 

(c) None of these processes exhibits an intermediate, 
because none of the energy diagrams has a local 
minimum (a valley). But all of the processes proceed via 
a transition state, because all of the energy diagrams 
have a local maximum (a peak). 

(d) In process A, the transition state resembles the 
reactants more than products because the transition state 
is closer in energy to the reactant than the products (the 
Hammond postulate). 

(e) Process A will occur more rapidly because it has a 
lower energy of activation than process B. 

(f) Process D will more greatly favor products at 
equilibrium than process B, because the former is 
exergonic (the products are lower in energy than the 
reactants) while the latter is not exergonic. 

(g) In process C, the transition state resembles the 
products more than reactants because the transition state 
is closer in energy to the products than the reactants (the 
Hammond postulate). 
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6.8. 

(a) Carbon is significantly more electronegative than 
lithium. As such, the carbon atom of the C-Li bond 
withdraws electron density (via induction) from the 
lithium atom, rendering that carbon atom highly 
nucleophilic. 


Am Li 


(b) Lone pairs are regions of high electron density. As 
such, this compound has nucleophilic centers, 
highlighted below: 


:OH 


Ves 


(c) The lone pair on the nitrogen atom constitutes a 
nucleophilic center: 


N 


w 


(d) The x bond (highlighted) is a nucleophilic center: 


oi 


(a) The carbon atom of the carboxylic acid group 
(COOH) is electrophilic. This is the only electrophilic 
center in the compound. 


(b) The carbon atom of the carbonyl group (C=O) is 
electrophilic. This is the only electrophilic center in the 
compound. 

O 


BRAN 


6.10. When we draw all significant resonance structures, we find that there are two positions (highlighted) that are 


deficient in electron density and, therefore, are electrophilic. 


Of the two carbon-carbon 2 bonds, the one that is 


conjugated with the carbon-oxygen n bond is the one that is electrophilic: 


© 


6.11. 

(a) The curved arrow indicates a hydride shift, which is 
a type of carbocation rearrangement. 

(b) The curved arrow indicates a nucleophilic attack. In 
this case, water functions as a nucleophile and attacks the 
carbocation. 

(c) The curved arrows indicate a proton transfer. In this 
case, water functions as the base that removes the proton. 
(d) The curved arrows indicate a nucleophilic attack. In 
this case, one of the lone pairs on the oxygen atom 
functions as the nucleophilic center that attacks the 
electrophilic center. 

(e) The curved arrow indicates loss of a leaving group 
(CT). 


6.12. The curved arrow indicates a proton transfer. In 
this case, the nitrogen atom functions as the base that 
removes the proton from the oxygen atom. 


6.13. 
(a) The sequence of arrow-pushing patterns is as follows: 


So O 


Dx] Dx 


ôt 


Electrophilic 
centers 


(i) nucleophilic attack 
(ii) proton transfer 
(iii) proton transfer 


(b) The sequence of arrow-pushing patterns is as 
follows: 

(i) proton transfer 

(ii) nucleophilic attack 

(iii) loss of a leaving group 


(c) The sequence of arrow-pushing patterns is as follows: 
(i) proton transfer 
(ii) loss of a leaving group 
(iii) nucleophilic attack 
(iv) proton transfer 


(d) The sequence of arrow-pushing patterns is as 
follows: 

(i) proton transfer 

(ii) nucleophilic attack 

(iii) proton transfer 
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6.14. The first step is a typical proton transfer, requiring two curved arrows. The second step is a nucleophilic attack 
(recall that a x bond can function as a nucleophile) combined with the loss of a leaving group, each of which requires 
one arrow, for a total of two curved arrows. The third step is another proton transfer, which requires two curved arrows. 
In this last step, the electrons from the breaking C-H bond are used to make a new z bond. 


Nucleophilic attack 
+ 


Loss of a leaving group Proton transfer 


Proton transfer 


:OH OH, ‘A N 
N CH = hy" CH “O: CH 
CH3 H-OTs Av 3 HO 3 u Oh DO 3 
A CH3 A CH3 CH3 CH3 
Ph Ph Ph Ph 
Compound 1 Compound 2 


6.15. 

(a) In this case, a C-O bond is formed, indicating a 
nucleophilic attack. Water (H2O) functions as a 
nucleophile and attacks the carbocation. This is shown 
with one curved arrow. The tail of this curved arrow is 
placed on the lone pair of the oxygen atom, and the head 
is placed on the electrophilic center (the empty p orbital 
of the carbocation), as shown here: 


(b) This is a proton transfer step, in which water 
functions as a base and removes a proton, thereby 
generating H30*. A proton transfer step requires two 
curved arrows. The tail of the first curved arrow is 
placed on a lone pair of H20, and the head is placed on 
the proton that is being transferred. Don’t forget the 
second curved arrow. The tail is placed on the O-H 
bond (that is being broken) and the head is placed on the 
H 07 Ww a Yo 


oxygen atom, as shown: 
H 
O 


(c) This step represents the loss of a leaving group 
(where the leaving group is H20). One curved arrow is 
required. The tail is placed on the C—O bond that is 
broken, and the head is placed on the oxygen atom. 


6.16. The conversion of 1 to 2 involves two steps: First 
the lone pair on the phosphorus atom functions as a 
nucleophile and attacks the azide (RN3), followed by loss 


of a leaving group to give compound 2. Note that 
nitrogen gas (N2) is liberated, which renders the 
conversion from 1 to 2 irreversible. When 2 is treated 
with 3, the nitrogen atom of 2 functions as a nucleophile 
and attacks one of the C=O bonds in 3 to give 5. Loss of 
a leaving group gives 6, which undergoes an 
intramolecular nucleophilic attack to give 7. Another 
intramolecular nucleophilic attack gives 8, which then 
undergoes loss of a leaving group to give the product (4). 
The curved arrows are drawn here: 


Nucleophilic attack 


Ph 
o, es na ie 
Mec, Aan NI / Ph Meosc An A NÎ 
| 
1 ® PPhg 


fe) -N2 
Loss of a 
leaving group 


Nucleophilic 
attack 


Loss of a 
leaving group 


S 


ʻO: O 
o > Nucleophilic PhaP—O L) 
py attack ac) 
PhgPS 
fns — 
N N 
Meo,c~ ~~ MeO,c~ ~~ 
6 oY 7 om 
oe (S) 
Nucleophilic 
attack 
52 
o 0: 
-Ph3P=O 8o 2 
PhaP 
N <=. K7 
Meo.c~ ~~ Loss of a NN 
© leaving group MeO2 A Y 
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6.17. 

(a) This carbocation is secondary, and it can rearrange 
via a hydride shift (shown below) to give a more stable, 
tertiary carbocation: 


fo 


(b) This carbocation is tertiary, and it cannot become 
more stable via a rearrangement. 


(c) This carbocation is tertiary. Yet, in this case, 
rearrangement via a methyl shift will generate a more 
stable, tertiary allylic carbocation, which is resonance 
stabilized, as shown: 


Groo 


tertiary tertiary allylic 
(d) This carbocation is secondary, but there is no way 
for it to rearrange to form a tertiary carbocation. 


(e) This carbocation is secondary, and it can rearrange 
via a hydride shift (shown below) to give a more stable, 
tertiary carbocation: 


we 


(f) This carbocation is secondary, and it can rearrange 
via a methyl shift (shown below) to give a more stable, 
tertiary carbocation: 


My — ty 


(g) This carbocation is primary, and it can rearrange via 
a hydride shift (shown below) to give a resonance 
stabilized carbocation (we will see in Chapter 7 that this 
carbocation is called a benzylic carbocation): 


or — O^ 


(h) This carbocation is tertiary and it is resonance- 
stabilized (we will see in Chapter 7 that this carbocation 
is called a benzylic carbocation). It will not rearrange. 


6.18. In the first rearrangement, a three-membered ring 
is being converted into a four-membered ring (a process 
called ring expansion). In order for this to occur, the 


migrating methylene group (highlighted) must be part of 
the three-membered ring. The migrating carbon atom is 
highlighted below: 


O 
ae 

N 
Il 


In the second rearrangement, a four-membered ring is 
being converted into a three-membered ring (a process 
called ring contraction). In order for this to occur, the 
migrating carbon atom must be part of the four- 
membered ring. Once again, the same methylene group 
migrates (highlighted): 

CH> 


CHB CH2 
CH3 


CH3 CH3 


6.19. 

(a) A carbon-carbon triple bond is comprised of one o 
bond and two x bonds, and is therefore stronger than a 
carbon-carbon double bond (one o and one n bond) or a 
carbon-carbon single bond (only one © bond). 
Therefore, the carbon-carbon triple bond is expected to 
have the largest bond dissociation energy. 

(b) The data in Table 6.1 indicate that the C-F bond will 
have the largest bond dissociation energy. 


6.20. 

(a) Using Table 6.1, we identify the bond dissociation 
energy (BDE) of each bond that is either broken or 
formed. For bonds broken, BDE values will be positive. 
For bonds formed, BDE values will be negative. 


Bonds Broken kJ/mol 
RCH2—Br + 285 
RCH20—H + 435 
Bonds Formed kJ/mol 
RCH2—OR -381 
H—Br — 368 


The net sum is — 29 kJ/mol. AH” for this reaction is 
negative, which means that the system is losing energy. 
It is giving off energy to the environment, so the reaction 
is exothermic. 

(b) AS of this reaction is positive because one mole of 
reactant is converted into two moles of product. 

(c) Both terms (AH) and (-TAS) contribute to a negative 
value of AG. 

(d) Since both terms (AH and —TAS) have negative 
values, the value of AG will be negative at all 
temperatures. 

(e) Yes. At high temperatures, the value of -TAS is 
large and negative (while at low temperatures, the value 
of -TAS is small and negative). 

Since AG = AH + (-TAS), the magnitude of AG will be 
dependent on temperature. 
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6.21. 

(a) A reaction for which Keq > 1 will favor products. 

(b) A reaction for which Keq < 1 will favor reactants. 

(c) A positive value of AG favors reactants. 

(d) Both terms contribute to a negative value of AG, 
which favors products. 

(e) Both terms contribute to a positive value of AG, 
which favors reactants. 


6.22. Keq= 1 when AG = 0 kJ/mol (See Table 6.2). 


6.23. Keq< 1 when AG has a positive value. The answer 
is therefore “a” (+1 kJ/mol) 


6.24. 

(a) ASsys is expected to be negative (a decrease in 
entropy) because two moles of reactant are converted 
into one mole of product. 

(b) ASsys is expected to be positive (an increase in 
entropy) because one mole of reactant is converted into 
two moles of product. 

(c) ASsys is expected to be approximately zero, because 
two moles of reactant are converted into two moles of 
product. 

(d) ASsys is expected to be negative (a decrease in 
entropy) because an acylic compound is converted into a 
cyclic compound. 

(e) ASsys is expected to be approximately zero, because 
one mole of reactant is converted into one mole of 
product, and both the reactant and the product are 
acyclic. 


6.25. 

(a) If the reaction has only one step, then the energy 
diagram will have only one peak. Since AG for this 
reaction is negative, the product will be lower in free 
energy than the reactant, as shown here. 


Free 
energy 


Reaction coordinate 


(b) If the reaction has only one step, then the energy 
diagram will have only one peak. Since AG for this 
reaction is positive, the product will be higher in free 
energy than the reactant, as shown here. 


Free 
energy 


Reaction coordinate 
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(c) If the reaction has two steps, then the energy diagram 
will have two peaks. Since AG for this reaction is 
negative, the product will be lower in free energy than 
the reactant. And the problem statement indicates that 
the transition state for the first step is higher in energy 
than the transition state for the second step, as shown 
here. 


Free 
energy 


Reaction coordinate 


6.26. 

(a) Energy diagrams B and D each exhibit two peaks, 
characteristic of a two-step process. 

(b) Energy diagrams A and C each exhibit only one 
peak, characteristic of a one-step process. 

(c) The energy of activation (Ea) is determined by the 
difference in energy between the reactants and the 
transition state (the top of the peak in the energy 
diagram). This energy difference is greater in C than it is 
in A. 

(d) Energy diagram A has a negative AG, because the 
products are lower in free energy than the reactants. 
This is not the case in energy diagram C. 

(e) Energy diagram D has a positive AG, because the 
products are higher in free energy than the reactants. 
This is not the case in energy diagram A. 

(f) The energy of activation (Ea) is determined by the 
difference in energy between the reactants and the 
transition state (the top of the peak in the energy 
diagram). This energy difference is greatest in D. 

(g) Keq > 1 when AG has a negative value. This is the 
case in energy diagrams A and B, because in each of 
these energy diagrams, the products are lower in free 
energy than the reactants. 

(h) Keq = 1 when AG = 0 kJ/mol. This is the case in 
energy diagram C, in which the reactants and products 
have approximately the same free energy. 


6.27. 

(a) The curved arrow indicates loss of a leaving group 
(CI). 

(b) The curved arrow indicates a methyl shift, which is a 
type of carbocation rearrangement. 

(c) The curved arrows indicate a nucleophilic attack. 

(d) The curved arrows indicate a proton transfer. In this 
case, the proton transfer step occurs in an intramolecular 
fashion (because the acidic proton and the base are 
tethered together in one structure). 


www.MyEbookNiche.eCrater.com 


168 CHAPTER 6 


6.28. re) 
(a) A tertiary carbocation is more stable than a secondary ee ee 
carbocation, which is more stable than a primary =~ H 
carbocation. 
Increasing Stability o 
whee Je ee SAA O96 ij 
© © 
® i és 
primary secondary tertiary oO 
© 
wee ee a 


(b) The most stable carbocation is the one that is 
resonance-stabilized. Among the other two carbocations, 
the secondary carbocation is more stable than the 


primary carbocation, as shown here. o 
Increasing Stability a 
ee ot H 
© ® 
(b) When we draw all significant resonance structures, 
© we find that there are two positions (highlighted) that are 
deficient in electron density: 
primary secondary secondary 7 
resonance-stabilized L L 
F : 
6.29. In this hypothetical compound, the boron atom O Oo 


would have an empty p orbital, and would therefore be 
an electrophilic center. The carbon atom of the C-Li 


bond withdraws electron density (via induction) from the 
lithium atom, rendering that carbon atom highly IG 
nucleophilic. s 
| o 
nN Li = 
Î I Therefore, these two positions are electrophilic: 
Electrophilic Nucleophilic 


center center | L 
a T 
O 


(a) When we draw all significant resonance structures, 
we find that there are two positions (highlighted) that are 
deficient in electron density: 


6.31. The sequence of arrow-pushing patterns is as follows: 


NUCLEOPHILIC 
ATTACK. -cj LOSS OF A 
ò A O cı LEAVING GROUP O al 
cl” ~Cl > lọ @ cl—A cl 
A GI—A— CI iy 
Cl 6 A 
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6.32. The sequence of arrow-pushing patterns is as follows: 


PROTON 7 
OH TRANSFER OH OH a 
o=$=0 N” ar oe Cs A 
=S= / HOPS H >S H OSS 
H-0@ Q 9 =O 
4 ® @ 
=P =P 
© 


ee PROTON 
H~ ~H TRANSFER 


6.33. Both reactions have the same sequence: (i) nucleophilic attack, followed by (ii) loss of a leaving group. In both 
cases, a hydroxide ion functions as a nucleophile and attacks a compound that can accept the negative charge and store 
it temporarily. The charge is then expelled as a chloride ion in both cases. 


6.34. The sequence of arrow-pushing patterns is as follows: 


NUCLEOPHILIC LOSS OF A PROTON 
ATTACK LEAVING GROUP TRANSFER 
a gree 
ee ee Ah 
—__»> 7 y JAH — > 
R~ ~cl R<| Ce R f3 R/ `OH 
CI H H 


6.35. The sequence of arrow-pushing patterns is as follows: 


PROTON TRANSFER 


NUCLEOPHILIC LOSS OF A NUCLEOPHILIC e 
ATTACK © LEAVING ATTACK fo i 
o cö: GROUP o :0: pe OH 
dj. J me 
—— > R cl ———~> — R — R 
RS cl ly ROR R R 
R R R 
‘RO :RO 
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6.36. The sequence of arrow-pushing patterns is as follows: 


NUCLEOPHILIC 
PROTON ATTACK 
TRANSFER oH PROTON 
n 107 TRANSFER 
A SHL eH a OH Yo :OH 
g a n 
wee D H wey 
2 OR 
R 
PROTON 
TRANSFER 
NUCLEOPHILIC No 
PROTON ATTACK LOSS OF A HSA 
TRANSFER H = LEAVING 
6a ee | . ek GROUP a 
: R - H2O 
A G gs IP 2 £ 
WOR DoR Ř- i 


6.37. The first step is a nucleophilic attack, the second step is loss of a leaving group, and the final step is a proton 
transfer. In this case, each of the first two steps requires several curved arrows, and the final step requires two curved 


arrows, as shown: 
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6.39. The following curved arrows show the flow of electrons that achieve the transformation as shown: 


o a J \ © H EN 
e) H7O OH gO HO: OH HO, O 


© \ ; 
ie E Au eae. 
ity OH 
H 


6.41. 

(a) This carbocation is secondary, and it can rearrange 
via a methyl shift (shown below) to give a more stable, 
tertiary carbocation: 


(c) This carbocation is secondary, but it cannot rearrange 
to generate a tertiary carbocation. 


(d) This carbocation is secondary, and it can rearrange 
via a hydride shift (shown below) to generate a more 


y @ stable, secondary allylic carbocation, which is resonance 
© — > stabilized: 
H 
(b) This carbocation is secondary, and it can rearrange Y & 
via a hydride shift (shown below) to give a more stable, OF os — D “r È 
tertiary carbocation: 6 


H 
4 © 
© es (e) This carbocation is tertiary. Yet, in this case, 


rearrangement via a hydride shift will generate a more 
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stable, tertiary allylic carbocation, which is resonance 
stabilized, as shown below. 


3O — 
EOTS 


(£) This carbocation is secondary, and it can rearrange 
via a hydride shift (shown below) to give a more stable, 
tertiary carbocation: 


AY OY 


(g) This carbocation is tertiary and will not rearrange. 


6.42. 

(a) The C—Br bond is broken, indicating the loss of a 
leaving group (Br), while the C-O bond is formed, 
indicating a nucleophilic attack. This is, in fact, a 
concerted process in which nucleophilic attack and loss 
of the leaving group occur in a simultaneous fashion. 
One curved arrow is required to show the nucleophilic 
attack, and another curved arrow is required to show loss 
of the leaving group: 


om ol 
LQ 
Hoe +. Seep — > Hose. + BÊ 
O T H 

H H 


(b) We identify the bond broken (CH3CH2—Br), and the 
bond formed (CH3CH2—OH). Using the data in Table 
6.1, AH for this reaction is expected to be approximately 
(285 kJ/mol) — (381 kJ/mol). The sign of AH is therefore 
predicted to be negative, which means that the reaction 
should be exothermic. 

(c) Two chemical entities are converted into two 
chemical entities. Both the reactants and products are 
acyclic. Therefore, AS for this process is expected to be 
approximately zero. 

(d) AG has two components: (AH) and (-TAS). Based 
on the answers to the previous questions, the first term 
has a negative value and the second term is insignificant. 
Therefore, AG is expected to have a negative value. This 
is confirmed by the energy diagram, which shows the 
products having lower free energy than the reactants. 

(e) The position of equilibrium is dependent on the sign 
and value of AG. As mentioned in part e, AG is 
comprised of two terms. The effect of temperature 
appears in the second term (-TAS), which is insignificant 
because AS is approximately zero. Therefore, an 


increase (or decrease) in temperature is not expected to 
have a significant impact on the position of equilibrium. 
(f) This transition state corresponds with the peak of the 
curve, and has the following structure: 


(g) The transition state in this case is closer in energy to 
the reactants than the products, and therefore, it is closer 
in structure to the reactants than the products (the 
Hammond postulate). 

(h) If we inspect the rate equation, we see that the sum of 
the exponents is two, so this reaction is second order. 

(i) According to the rate equation, the rate is linearly 
dependent on the concentration of hydroxide. Therefore, 
the rate will be doubled if the concentration of hydroxide 
is doubled. 

(j) At higher temperature, more molecules will have the 
requisite energy of activation necessary for the reaction 
to occur, so the rate will increase with increasing 
temperature. 


6.43. 

(a) Keq does not affect the rate of the reaction. It only 
affects the equilibrium concentrations. 

(b) AG does not affect the rate of the reaction. It only 
affects the equilibrium concentrations. 

(c) Temperature affects the rate of the reaction, by 
increasing the number of collisions that result in a 
reaction. 

(d) AH does not affect the rate of the reaction. It only 
affects the equilibrium concentrations. 

(e) Ea greatly affects the rate of the reaction. Lowering 
the Ea will increase the rate of reaction. 

(f) AS does not affect the rate of the reaction. It only 
affects the equilibrium concentrations. 


6.44. In order to determine if reactants or products are 
favored at high temperature, we must consider the effect 
of temperature on the sign of AG. Recall that AG has 
two components: (AH) and (-TAS). The reaction is 
exothermic, so the first term (AH) has a negative value, 
which contributes to a negative value of AG. This favors 
products. At low temperature, the second term will be 
insignificant and the first term will dominate. Therefore, 
the process will be thermodynamically favorable, and the 
reaction will favor the formation of products. However, 
at high temperature, the second term becomes more 
significant. In this case, two moles of reactants are 
converted into one mole of product. Therefore, AS for 
this process is negative, which means that (-TAS) is 
positive. At high enough temperature, the second term 
(-TAS) should dominate over the first term (AH), 
generating a positive value for AG. Therefore, the 
reaction will favor reactants at high temperature. 
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6.45. Recall that AG has two components: 


(AH) and (-TAS) 


We must analyze each term separately. The first term is 
expected to have a negative value, because three bonds 
are being converted into one n bond and two o bonds. A 
o bond is stronger (lower in energy) than the mr 
component of a double bond. Therefore, the reaction is 
expected to release energy to the environment, which 
means the reaction should be exothermic. In other 
words, the first term (AH) has a negative value, which 
contributes to a negative value of AG. This favors 
products. 

Now let’s consider the second term (-TAS) contributing 
to AG. In this case, two moles of reactants are converted 
into one mole of product. Therefore, AS for this process 
is negative, which means that (-TAS) is positive. At low 
temperature, the second term will be insignificant and 
the first term will dominate. Therefore, the process will 
be thermodynamically favorable, and the reaction will 
favor the formation of products. However, at high 
temperature, the second term becomes more significant. 
At high enough temperature, the second term (-TAS) 
should dominate over the first term (AH), generating a 
positive value for AG. Therefore, the reaction will favor 
reactants at high temperature. 


6.46. The nitrogen atom of an ammonium ion is 
positively charged, but that does not render it 
electrophilic. In order to be electrophilic, it must have an 
empty orbital that can be attacked by a nucleophile. The 
nitrogen atom in this case does not have an empty 
orbital, because nitrogen is a second row element and 
therefore only has four orbitals with which to form 
bonds. All four orbitals are being used for bonding, 
leaving none of the orbitals vacant. As a result, the 
nitrogen atom is not electrophilic, despite the fact that is 
positively charged. 

In contrast, an iminium ion is resonance stabilized: 


' | 
NÊ RÆ©N 


R +> R 


R 


R 
R 
An iminium ion 


The second resonance structure exhibits a positive 
charge on a carbon atom, which serves as an 
electrophilic center. Therefore, an iminium ion is an 
electrophile and is subject to attack by a nucleophile: 


T 
R_ One 


Nuets o R 
< 
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6.47. The following curved arrows show the flow of 
electrons that achieve the transformation as shown: 


: gf 


N y 
a Ne 
o) 
A :OH 
O = A.o 
0: 
Me | Me ` 
BA + NEN 
o 
+ CI 
Me 


6.48. In this case, a six-membered ring is being 
converted into a five-membered ring (a process called 
ring-contraction). The migrating carbon atom 
(highlighted) is bonded to the position that is adjacent to 
the C+: 


Carbocation 1 is not resonance-stabilized, while 
carbocation 2 is stabilized by resonance, as shown above. 
Indeed, the second resonance structure (2b) is the more 
significant contributor to the resonance hybrid of 2, 
because all atoms have an octet of electrons. This 
renders carbocation 2 particularly stable. This additional 
stability is absent in carbocation 1. 


6.49. 

The first step (1 > 2) is a proton transfer, in which 
MeO’ deprotonates 1 to produce 2, the conjugate base of 
1. The resonance structure of 2 with an anionic oxygen is 
the greatest contributor to the resonance hybrid due to 
oxygen being more electronegative than carbon. The 
transformation of 2 to 3 includes the formation of a C=O 
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m bond, the relocation of two C=C a bonds, and the 
breaking of a C—O o bond. The resulting anionic oxygen 
of 3 then serves as a nucleophile, attacking the indicated 
carbon, pushing electrons up to the oxygen of the C=O 
bond, as shown. In the final step (4 > 5), the C=O a 
bond is reformed and a proton is transferred from MeOH 
to the cyclic structure, regenerating MeO-. 


6.50. 

In step 1, the hydroxide ion functions as a nucleophile 
and attacks the carbon atom of the ester group, pushing 
the m electrons up to the oxygen atom. In step 2, the 
anionic oxygen atom serves as a base and removes a 


6.51. 


proton in an intramolecular fashion (proton transfer), as 
shown. The electrons in the C-H bond form a C=C 1 
bond; the C-O o bond breaks thus converting the 
adjacent C—O bond to a double bond, expelling HO” as a 
leaving group. Step 3 is a proton transfer to create a 
resonance-stabilized anion. 


D D 
Mn, tep 1 ln, 
a ARE D~S 
( e OD oe HO 25) 6 oe 
HO: 
O | step2 


(a) The following curved arrows show the flow of electrons that achieve the transformation as shown: 


O 


On 
{7H 


F 


(b) When the second intermediate is redrawn from the following perspective, it becomes clear that the electrons in the 
carbon-carbon n-bond come from above the carbon-oxygen 7 bond, allowing for the chiral center to be generated as 
shown. If you have trouble seeing this, you might find it helpful to build a molecular model. 


6.52. 


The location of C+ appears to have moved two positions, which requires two consecutive carbocation rearrangements. 
The first rearrangement is a 1,2-hydride shift to give a new 3° carbocation. Notice that the migrating H is on a dash, 
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which means that it is on the face of the molecule pointing away from us. When the 1,2-hydride shift occurs, the H 
migrates across along the back face of the molecule, so the H remains on a dash in the newly generated carbocation. 
Then, a 1,2-methyl shift gives another tertiary carbocation B. Notice that in this second step, the migrating methyl 
group is on a solid wedge, which means that it is on the face of the molecule pointing toward us. When the 1,2-methyl 
shift occurs, the methyl group migrates along the front face of the molecule, so the methyl group remains on a wedge in 
carbocation B. 


OH 


1,2-hydride shift 1,2-methyl shift 


st 


6.53. 
(a) The sequence of arrow pushing patterns is shown below, together with all curved arrows: 


Proton Proton 
transfer transfer 
8 Fè 
J.s Wo 
:OH H” `H 


Proton | ( ig 
N 


Proton Nucleophilic 
transfer attack 
DY =~, 


(b) Consider where the nucleophilic attack is occurring. The lone pairs on the oxygen atom (highlighted) are attacking 
the highlighted carbon atom. 


Nucleophilic 
center 


Electrophilic 
center 


The oxygen atom is the nucleophilic center, and the carbon atom is the electrophilic center. In order to understand why 
this carbon atom is electron-poor, we draw resonance structures of 4: 
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If we inspect resonance structure 4c, we see why the highlighted carbon atom is electrophilic. In fact, when we draw 
this resonance structure, we can see the nucleophilic attack more clearly: 


(c) The new chiral center is highlighted below. The oxygen atom takes priority #1, while the H has priority #4. 
Between #2 and #3, it is difficult to choose because both are carbon atoms and each of them is connected to C, C, and 
H. The tie breaker comes when we move farther out, and one of the carbon atoms is connected to O and N, while the 
other is connected to N. The former wins, giving the R configuration: 


© 2 H 
4 


The newly formed chiral center has the R configuration, and not S, because the pendant nucleophile is attacking from 
above, so the O must end up on a wedge: 
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6.54. The problem statement indicates that the value of 
AG is negative. This does not necessarily indicate 
whether AH is positive or negative. Recall that: 


AG = AH — TAS 


We would need to know AS and T, in order to know the 
sign of AH. So we don’t know whether the reaction is 
exothermic or endothermic. Therefore, answers (a) and 
(b) are not correct. 

Answer (c) is correct, because an endergonic process is 
thermodynamically unfavorable, which means that the 
reactants are favored over the products at equilibrium. 
That is, Keq >l. 


6.55. Compound (a) lacks a lone pair or a pi bond, so it 
cannot function as a nucleophile. The same is true for 
compounds (b) and (c). In contrast, the oxygen atom in 
compound (d) does have lone pairs, which are localized, 
so water can function as a nucleophile (albeit a weak 
one). 


6.56. Intermediates are represented by local minima 
(valleys) on an energy diagram. On the energy diagram 
shown, there are only two local minima (II and IV), so 
the correct answer is (b). 


6.57. 
(a) The carbon atom highlighted below is migrating, and 
the following curved arrow shows the migration: 


(b) The newly formed chiral center is highlighted below. 
Notice that the methyl group is on a dash. The 
diastereomeric cation (not formed) would have its 
methyl group on a wedge: 


not formed 


The other configuration is not formed because of the 
structural rigidity (and lack of conformational freedom) 
imposed by the tricyclic system. Specifically, only one 
face of the empty p orbital (associated with C+) is 
accessible to the migrating carbon atom, as seen in the 
following scheme: 
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II 
Z “un, <— oe 


(c) The initial carbocation has three rings. One of them 
is a four-membered ring. The ring strain associated with 
this ring is alleviated as a result of the rearrangement. 
That is, the four-membered ring is converted into a five- 
membered ring, which has considerably less ring strain. 
It is true that a six-membered ring (which generally has 
very little, if any, ring strain) is converted into a five- 
membered ring, which does possess some ring strain. 
However, this energy cost is more than off-set by the 
alleviation of ring strain resulting from enlarging the 
four-membered ring. 


6.58. 

(a) The following curved arrows show an intramolecular 
nucleophilic attack, with the simultaneous loss of a 
leaving group: 


N Ry oe R4 
H.O H—N 
© N N: N: 
VANA) \ H V 
. 2 R2 3 R2 


(b) Resonance structures (2a and 2b) can be drawn for 
intermediate 2: 


Ha eð 
ss R4 N: R4 
NINA NA 
© : i N: 
\ 
2 : R2 


L, 
NZ 


2a 2b 


Notice that the negative charge is spread over two 
nitrogen atoms via resonance. As such, either of these 
nitrogen atoms can function as the nucleophilic center 
during the nucleophilic attack. Either the isotopically 
labeled nitrogen atom can attack, like this: 


www.MyEbookNiche.eCrater.com 


178 CHAPTER 6 


Hie 

N Ry R1 
452 Á H—N 
A N 
— > 

P: N: ON: | N: 
NS i H \ 
R2 R2 


H eO 
N; R4 15 «, R4 
15 HON 
el es TL 
NS N Mo 
R2 R2 
2b 


So, if the proposed mechanism were truly operating, we 
would expect that either nitrogen atom would have an 
equal probability of forming the four-membered ring, 
and so only 50% of the '°"N atom would be incorporated 
into the nitrile. That is, both 4a and 4b should both be 
formed. If that had been the case, we would have said 
that the SN atom was “scrambled” during the reaction. 
Since that did not occur, the proposed mechanism was 
refuted. 


6.59. 
(a) Compound 1 is converted to intermediate 2 upon loss 
of a leaving group. 


Ə 
o o 
Le i 
Z 
ok Ph 30° Ph 
1 


Notice that two curved arrows are employed in this case. 
The arrow with its tail on a C—O bond represents loss of 
the leaving group. The other curved arrow (with its tail 
on a lone pair) can be viewed in two ways: It can be 
viewed as the electrons coming up from the O to push 
out the leaving group, as shown above, or it can be 
viewed as a resonance arrow that allows us to draw 


resonance structure 2, thereby bypassing resonance 
structure 2a: 


i 


a of 
<=> 
ZN PS 
O Ph sO; Ph 
(©) oe 
2 2a 


Structure 2 is a greater contributor than 2a to the overall 
resonance hybrid because all atoms possess an octet of 
electrons. That is not the case for 2a or any of the other 
resonance structures (not shown) resulting from 
conjugation with the benzene ring. 


(b) In order to draw the curved arrows in this case, it will 
be helpful if we first rotate about the C-C bond indicated 
below. 


Rotate about 
this C-C bond O 


o Ph on Ph 


2 2 


This gives a conformation in which the atoms are all 
arranged in the proper orientation necessary to show the 
conversion of 2 into 3. Three curved arrows are required 
to show the flow of electrons that correspond with the 
transformation of 2 into 3: 


A Q 
CA 


OS Ph o Nph 
2 
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Chapter 7 
Alkyl Halides: Nucleophilic Substitution and 
Elimination Reactions 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of Chapter 7. 
Each of the sentences below appears verbatim in the section entitled Review of Concepts and Vocabulary. 


e Good leaving groups are the conjugate bases of acids. 

e  Sn2 reactions proceed via of configuration, because the nucleophile can only 
attack from the back side. 

e §Sn2 reactions cannot be performed with alkyl halides. 

° solvents contain a hydrogen atom connected directly to an electronegative 
atom, while solvents lack such a hydrogen atom. A 


solvent will speed up the rate of an Sn2 process by many orders of magnitude. 

e In the laboratory, methylation is accomplished via an Sn2 process using methyl iodide. In 
biological systems, the methylating agent is called 

e A trans m bond cannot be incorporated into a small ring. When applied to bicvelic systems, this 
rule is called rule, which states that it is not possible for a carbon of 
a bicyclic system to possess a C=C double bond if it involves a trans n bond being incorporated in 
a small ring. 

e 2 reactions are regioselective and generally favor the more substituted alkene, called the 


product. 

e When both the substrate and the base are sterically hindered, an E2 reaction can favor the less 
substituted alkene, called the product. 

e Ifthe B position has two different protons, the resulting E2 reaction can be stereoselective, because 
the isomer will be favored. 

e Ifthe B position has only one proton, an E2 reaction is said to be , because the 
proton and the leaving group must be to one another. 

e Unimolecular nucleophilic substitution reactions are called reactions. An Sn] mechanism 
is comprised of two core steps: 1) to give a carbocation 


intermediate, and 2) 
e When a solvent molecule functions as the attacking A the resulting Sn1 process is called 


a . 

e Unimolecular elimination reactions are called reactions. 

e — Syl processes are favored by solvents. 

e Snl and El processes are observed for tertiary alkyl halides, as well as allylic and 
halides. 

e When the a position is a chiral center, an Sn1 reaction gives nearly a racemic mixture. In practice, 
there is generally a slight preference for of configuration, as a result of the 
effect of ion pairs. 

e Ifa C-H bond is being broken in the rate-determining step, then a isotope effect is 
observed. If, however, the C-H bond is broken during a step that is not rate-determining, then any 
measureable effect is said to be a isotope effect. 

e Substitution and elimination reactions often compete with each other. To predict the products, 
three steps are required: 1) determine the function of the , and 2) analyze the 


and determine the expected mechanism(s), and 3) consider any relevant 
regiochemical and stereochemical requirements. 


e Alcohols react with HBr to give alkyl halides, either via an pathway (for primary and 
secondary substrates) or via an pathway (for tertiary substrates). 

e When treated with concentrated sulfuric acid, tertiary alcohols are converted into via 
an El process. 

e A analysis shows the product first, followed by reagents that can be used to 


make that product. 
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Review of Skills 


Follow the instructions below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 7. The answers appear in the section entitled SkillBuilder Review. 


SkillBuilder 7.1 Drawing the Product of an Sn2 Process 


REPLACE THE LEAVING GROUP WITH THE NUCLEOPHILE, 
AND DRAW INVERSION OF CONFIGURATION (IF RELEVANT) 


ore =O 
+ OH —_—__> + Bri 


SkillBuilder 7.2 Drawing the Transition State of an Sn2 Process 


DRAW THE TRANSITION STATE OF THE FOLLOWING REACTION Æ 


NaSH 
Aca > ~SsH 


TRANSITION STATE 


SkillBuilder 7.3 Predicting the Regiochemical Outcome of an E2 Reaction 


DRAW THE ELIMINATION PRODUCTS OBTAINED WHEN THE COMPOUND BELOW IS TREATED WITH A STRONG BASE. 


Strong Base 
a + 
Cl 


Zaitsev Hofmann 


SkillBuilder 7.4 Predicting the Stereochemical Outcome of an E2 Reaction 


PREDICT THE STEREOCHEMICAL OUTCOME OF THE FOLLOWING REACTION, AND DRAW THE PRODUCT. 


Strong Base 
a 


z 


CI 


SkillBuilder 7.5 Drawing the Products of an E2 Reaction 


PREDICT THE MAJOR AND MINOR PRODUCTS OF THE FOLLOWING REACTION. 


Br 


Ans ME 4 


Major Minor 


SkillBuilder 7.6 Drawing the Carbocation Intermediate of an Sn1 or E1 Process 


DRAW THE CARBOCATION THAT WOULD BE FORMED IF A CHLORIDE ION IS EXPELLED FROM THE FOLLOWING COMPOUND 


Cl 
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SkillBuilder 7.7 Predicting the Products of Substitution and Elimination Reactions of Alkyl Halides 


FILL IN THE BLANKS BELOW: 

STEP 1 STEP 2 STEP 3 

DETERMINE THE FUNCTION ANALYZE THE CONSIDER ANY RELEVANT REGIOCHEMICAL AND 

OF THE AND DETERMINE THE EXPECTED REQUIREMENTS 
MECHANISM(S). 


SkillBuilder 7.8 Performing a Retrosynthesis and Providing a Synthesis of a Target Molecule 


STEP 1 USINGAWAVY | STEP 2 DRAW A SUITABLE STEP 3 VERIFY THAT THE STEP 4 DRAW THE FORWARD 
LINE, IDENTIFY A BOND NUCLEOPHILE AND ELECTROPHILE REACTION IS REASONABLE BY PROCESS SHOWING ALL REAGENTS. 
THAT CAN BE MADE VIA | THAT WILL REACT TO MAKE THE DRAWING AND CONSIDERING 
KNOWN REACTIONS. DESIRED BOND. THE MECHANISM. 
O O 
` — 
ak ue S A 
on oS 
Nucleophile Electrophile 


Review of Reactions 

Identify reagents that can be used to achieve each of the following transformations. To verify that your 
answers are correct, look in your textbook at the end of Chapter 7. The answers appear in the section 
entitled Review of Reactions. 


Primary Substrates 
Ro Br 


A An alkyl halide N 


ae ca an 
An alcohol A nitrile 
( ) y 


p el — pes p~n OCh ae ae ee 
An alkyl tosylate An alkene An ether A thiol An ester O 


Tertiary Substrates 


p—~ 
An alkyl ae 
An alcohol An alkene An alkene 
ee Oe product) (Hofmann product) 
Va / 


An alkyl tosylate 
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Useful reagents 


The following is a list of commonly encountered reagents for substitution and elimination reactions: 


Reagent Name Function 
Sodi An ionic salt consisting of Na* and CI ions. The former (Na*) can 
NaCl pine be ignored in most cases, while the latter (chloride) is a strong 
chloride i : a. 
nucleophile. NaCl is a source of chloride ions. 
: An ionic salt consisting of Na* and Br ions. The former (Na*) can 
Sodium : : : are 
NaBr : be ignored in most cases, while the latter (bromide) is a strong 
bromide ‘ : bane 
nucleophile. NaBr is a source of bromide ions. 
An ionic salt consisting of Na* and IT ions. The former (Na*) can be 
Nal Sodium iodide | ignored in most cases, while the latter (iodide) is a strong 
nucleophile. Nal is a source of iodide ions. 
NaH Sodium Hydride is a strong base that can be used in E2 reactions. 
hydride 
N 
< DBN A strong base that can be used in E2 reactions. 
N 
N . 
DBU A strong base that can be used in E2 reactions. 
= 
N 
Hydroxide (HO’) is both a strong nucleophile AND a strong base, 
Sodium and can therefore be used for either E2 or Sn2 reactions, depending 
NaOH h a de on the substrate (Sn2 is favored for primary substrates, E2 is favored 
y for secondary substrates, and E2 is the exclusive pathway for tertiary 
substrates). 
R is an alkyl group. Examples include sodium methoxide (NaOMe) 
and sodium ethoxide (NaOEt). Alkoxide ions are both strong 
NaOR Sodium nucleophiles and strong bases. They can therefore be used for either 
s alkoxide E2 or Sn2 reactions, depending on the substrate (Sn2 is favored for 
primary substrates, E2 is favored for secondary substrates, and E2 is 
the exclusive pathway for tertiary substrates). 
tert-Butoxide is both a strong nucleophile and a strong base. But it is 
$ sterically hindered, which favors E2 over Sn2 even for primary 
Potassium tert- : ; 3 
t-BuOK butòxide substrates. For E2 reactions, when more than one regiochemical 
outcome is possible, tert-butoxide will favor formation of the less 
substituted alkene. 
Sodium = : : ; 
NaSH hydrosulfide HS is a strong nucleophile, used in Sn2 reactions. 
HO Water Water is a weak nucleophile and a weak base, used in Sn1 and El 
2 s reactions. Heat will often favor E1 over Snl. 
Examples include methanol (CH30H) and ethanol (CH3CH20H). 
ROH An alcohol Alcohols are weak nucleophiles and weak bases, used in Sn1 and E1 
KROAS reactions. Heat will often favor El over Sn1. Alcohols can also 
serve as substrates for Sn1 or El reactions under acidic conditions. 
HX Hydrogen A strong acid that serves as both a source of H* and nucleophilic X7 
(X = Cl, Br, or I) halides where X = Cl, Br, or I. 
Concentrated 


conc. H2SO4 


sulfuric acid 


A strong acid, used to convert alcohols into alkenes. 
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Common Mistakes to Avoid 


When drawing the mechanism of a reaction, you must always consider what reagents are being used, and your 
mechanism must be consistent with the conditions employed. As an example, consider the following Sn1 reaction: 


Br CH3OH OCH3 
ay an 
Sn1 


The following proposed mechanism is unacceptable, because the reagent employed in the second step is not present: 


WRONG 
o A 
Br 2 30: OCH3 
SS = pa 
e 


This is a common student error. To see what’s wrong, let’s look closely at the reagent. Methanol (CH30H) is not a 
strong acid. Rather, it is a weak acid, because its conjugate base, methoxide (CH30'), is a strong base. Therefore, 
methoxide is not present in substantial quantities, so the mechanism in this case should not employ methoxide. Below 
is the correct mechanism: 


CORRECT 

= o 
Br -BÈ Ve: GO-—CH3 CH;0H O-CH3 

2 == x aX 

© 


Methanol (rather than methoxide) functions as the nucleophile in the second step, because methoxide was not indicated 
as a reagent, and it is not expected to be present. The result of the nucleophilic attack is an oxonium ion (an 
intermediate with a positive charge on an oxygen atom), which is then deprotonated by another molecule of methanol. 
Once again, in this final step of the mechanism, methanol functions as the base, rather than methoxide, because the 
latter is not present. 

This example is just one illustration of the importance of analyzing the reagent and considering what entities can be 
used in your mechanism. This will become increasingly important in upcoming chapters. 


Now let’s consider another reaction, so that we can identity another common student error. We have seen 
that an OH group is a bad leaving group (because hydroxide is a strong base). Therefore, in order for an alcohol (ROH) 
to serve as a substrate in a substitution or elimination reaction, the OH group must first be converted into a better 
leaving group. We have seen two ways to do this. One method involves converting the alcohol into a tosylate: 


Subs. 
TsCl 
R-OH ——— > R-OTs . 
pyridine ~_Elim. a 
Bad Good 
leaving group leaving group 


The other method involves protonation of the OH group, as seen in the following example: 


' 
(©) 
Qa ™ pros H N 
R—-O—H = R oe 
Bad m 
leaving group Good 


leaving group 


This latter approach (protonation) has a serious limitation. Specifically, it cannot be used if the reagent is a strong base. 
For example, the following reaction sequence does not work: 
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OH 
H,0* 


H Ra LH WRONG 


t-BuOK 


TS 


It doesn’t work because it is not possible to have a strong acid (H30*) and a strong base (¢-BuOK) present in the same 


reaction flask at the same time (they would simply neutralize each other). 


In order to achieve the desired 


transformation, the OH group must first be converted to a tosylate (rather than simply being protonated), and then the 


desired reaction can be performed, as shown here: 


OH 


1) TsCl, pyridine 
— > 
2) t-BuOK 


TsCl 
pyridine 


Solutions 

7.1. 

(a) The parent is the longest chain, which is five carbon 
atoms in this case (pentane). There are three substituents 
(bromo, bromo, and chloro), and their locants are 
assigned as 4, 4, and 1, respectively. In this case, the 
parent was numbered from right to left, so as to give the 
lowest number to the first substituent (1,4,4 rather than 
2,2,5). Notice that two locants are necessary (rather than 
one) to indicate the locations of the two bromine atoms, 
even though they are connected to the same position 
(4,4-dibromo rather than 4-dibromo). 


Br. Br 


Cl 
4 2 


5 3 1 


4,4-dibromo-1-chloropentane 


(b) The parent is a six-membered ring (cyclohexane). 
There are two substituents (methyl and bromo), both of 
which are located at the Cl position. Substituents are 
alphabetized in the name (bromo precedes methyl). 


6 


1-bromo-1-methylcyclohexane 


(c) The parent is the longest chain, which is eight carbon 
atoms in this case (octane). There are two substituents 
(ethyl and chloro), both of which are located at the C4 
position. These substituents are alphabetized (chloro 
precedes ethyl). In this case, there is also a chiral center, 
so we must assign the configuration (R), which must be 
indicated at the beginning of the name. 


cl = 
(R)-4-chloro-4-ethyloctane 


(d) The parent is the longest chain, which is six carbon 
atoms in this case (hexane). There are three substituents 
(fluoro, methyl, and methyl), and their locants are 
assigned as 5, 2, and 2, respectively. In this case, the 
parent was numbered from right to left, so as to give the 
lowest number to the second substituent (2,2,5 rather 
than 2,5,5). The substituents are arranged alphabetically 
in the name, so fluoro precedes dimethyl (the former is 
“f” and the latter is “m”). In this case, there is also a 
chiral center, so we must assign the configuration (R), 
which must be indicated at the beginning of the name. 


(R)-5-fluoro-2,2-dimethylhexane 


(e) The parent is the longest chain, which is nine carbon 
atoms in this case (nonane). There are three substituents 
(methyl, bromo, and isopropyl), and their locants are 
assigned as 2, 3, and 3, respectively. The substituents 
are arranged alphabetically in the name (note that 
isopropyl is alphabetized as “i” rather than as “p”, so it 
comes before methyl). In this case, there is no chiral 
center (C2 is connected to two methyl groups, and C3 is 
connected to two isopropyl groups). 


3-bromo-3-isopropyl-2-methylnonane 
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(f) The parent is a ring of four carbon atoms 
(cyclobutane). There are four substituents (two methyl 
groups, a chloro group, and a tert-butyl group), and their 
locants are assigned as 1, 1 ,2, and 3, respectively. In 
this case, the parent is numbered so as to give the lowest 
number to the second substituent (1,1-dimethyl), and 
then continuing clockwise. The substituents are arranged 
alphabetically (note that tert-butyl is alphabetized as 
“b”). In this case, there are also two chiral centers (C2 
and C3), so we must assign the configuration of each. 
Note that C1 is not a chiral center, because it bears two 
methyl groups. 


(2R,3R)-3-tert-butyl-2-chloro- 
1,1-dimethylcyclobutane 


(g) The parent is the longest chain, which is nine carbon 
atoms in this case (nonane). There are three substituents 
(chloro, ethyl, and methyl), and their locants are assigned 
as 2, 4, and 8, respectively. In this case, the parent is 
numbered so as to give the lowest number to the second 
substituent (2,4,8, rather than 2,6,8). The substituents 
are arranged alphabetically. In this case, there are also 
two chiral centers (C2 and C4), so we must assign the 
configuration of each. 


w 
= 


8 6 4 
9 7 5 


(2R,4S}-2-chloro-4-ethyl-8-methylnonane 


(h) The parent is the longest chain, which is five carbon 
atoms in this case (pentane). There are several choices 
for a five-membered parent, so we choose the one with 
the greatest number of substituents. 


There are five substituents (two chloro groups, two ethyl 
groups, and a methyl group), and their locants are 
assigned as 2, 2, 3, 3, and 4, respectively. In this case, 
the parent is numbered so as to give the lowest number 
to the second substituent (2,2-dichloro). The substituents 
are arranged alphabetically. In this case, there are no 
chiral centers. 
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2,2-dichloro-3,3-diethyl-4-methylpentane 


7.2. 

(a) The reaction has a second-order rate equation, and 
the rate is linearly dependent on the concentrations of 
two compounds (the nucleophile AND the substrate). If 
the concentration of the substrate is tripled, the rate 
should also be tripled. 

(b) As described above, the rate is linearly dependent on 
the concentrations of both the nucleophile and the 
substrate. If the concentration of the nucleophile is 
doubled, the rate of the reaction is doubled. 

(c) As described above, the rate is linearly dependent on 
the concentrations of both the nucleophile and the 
substrate. If the concentration of the substrate is doubled 
and the concentration of the nucleophile is tripled, then 
the rate of the reaction will be six times faster (x 2 x 3). 


7.3. 

(a) The substrate is (S)-2-chloropentane, and the 
nucleophile is HS”. Chloride is ejected as a leaving 
group, with inversion of configuration. 


Cl 
CS o. -cP 
ANN T H o 


(S)-2-chloropentane 


(b) The substrate is (R)-3-iodohexane, and the 
nucleophile is chloride (CI). Iodide is ejected as a 
leaving group, with inversion of configuration. 


(R)-3-iodohexane 


(c) The substrate is (R)-2-bromohexane, and the 
nucleophile is cyanide (N=C’). Bromide is ejected as a 
leaving group, with inversion of configuration. 


oe z a i 
oe tt oe A 


N 


WO 


(R)-2-bromohexane 


(d) The substrate is 1-bromoheptane, and the 
nucleophile is hydroxide (HO). Bromide is ejected as a 
leaving group. There is no inversion of configuration in 
this case, because there is no chiral center 
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js ao on f 52 
Br LPO LO>—COr I + :OH 
1-bromoheptane 
HO™ NN 


7.4. The problem statement indicates that tert-butoxide 
functions as a base, removing a proton from compound 1 
to give the carbanion intermediate. This is a proton 
transfer step, so it requires two curved arrows, as shown: 


(carbanion intermediate) 


This intermediate then undergoes an intramolecular Sn2- 
type process, because it has both a nucleophilic center 
and an electrophilic center: 


Br 
<= electrophilic 


O center 


nucleophilic 
center 


That is, the nucleophile and electrophile are tethered to 
each other (rather than being separate compounds), and 
the reaction occurs in an intramolecular fashion, as 
shown: 


7.5. 

(a) The leaving group is a bromide ion (Br) and the 
nucleophile is a hydroxide ion (HO7). In the transition 
state, each of these groups is drawn as being connected 
to the a position with a dotted line (indicating these 
bonds are in the process of forming or breaking), and a 
6— is placed on each group to indicate that the charge is 


spread over both locations. Don’t forget the brackets and 
the symbol that indicate the drawing is a transition state. 


& |+ 


(b) The leaving group is an iodide ion (T) and the 
nucleophile is an acetate ion (CH3CO2). In the 
transition state, each of these groups is drawn as being 
connected to the a position with a dotted line (indicating 
these bonds are in the process of forming or breaking), 
and a 6— is placed on each group to indicate that the 
charge is spread over both locations. Don’t forget the 
brackets and the symbol that indicate the drawing is a 
transition state. 


(c) The leaving group is a chloride ion (CI) and the 
nucleophile is a hydroxide ion (HO). In the transition 
state, each of these groups is drawn as being connected 
to the æ position with a dotted line (indicating these 
bonds are in the process of forming or breaking), and a 
5— is placed on each group to indicate that the charge is 
spread over both locations. Don’t forget the brackets and 
the symbol that indicate the drawing is a transition state. 


(d) The leaving group is a bromide ion (Br) and the 
nucleophile is HS”. In the transition state, each of these 
groups is drawn as being connected to the æ position 
with a dotted line (indicating these bonds are in the 
process of forming or breaking), and a &- is placed on 
each group to indicate that the charge is spread over both 
locations. Don’t forget the brackets and the symbol that 
indicate the drawing is a transition state. 


H + 


5- ô- 
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7.6 The leaving group is the oxygen atom of the three-membered ring, and the nucleophile is the oxygen atom bearing 
the negative charge. In the transition state, each of these groups is drawn as being connected to the a carbon 
(highlighted below) with a dotted line (indicating these bonds are in the process of forming or breaking), and a ô- 
symbol is placed on each group to indicate that the charge is spread over both locations. Notice that the a carbon 
(highlighted) undergoes inversion of configuration. This can be seen if we compare the location of the hydrogen atom 
in compound 1 (H is on a dash) and in compound 2 (H is on a wedge). Since the H goes from being on a dash to being 
on a wedge, it must pass through the plane of the page in the transition state. For this reason, the H is drawn on a 
straight line (not a wedge or a dash): 


nucleophile 


leaving 
group 


` 


O: 


tir 


7.7. The lone pair of the nitrogen atom (connected to the aromatic ring) can function as a nucleophile, ejecting the 
chloride ion in an intramolecular Sn2-type reaction, generating a high-energy intermediate that exhibits a three- 
membered ring. The ring is opened upon attack of a nucleophile in an Sn2 process. These two steps are then repeated, 
as shown here. 


(0) NH2 Sci O NH2 
j p 
= ÇI 
Oe 2 a 
CI O CI 
| Nuc: 
O NH2 Nuc O NH2 Nuc 
= sgr \ / 
HO NO HO >. ni 
| Eee Ga 
O NH2 p 
m A 
HO \ / N 
Nuc 
7.8. The second reaction employs a polar aprotic 
bie Ten and is therefore expected to occur at a HC, f iS ioe OH 
aster rate. ic N 
N R“® R eT 5 
n $ $ A . x qr 
7.9. The first reaction employs iodide, which is a HC CH3 
stronger nucleophile than chloride. With all other factors 
being the same (the alkyl halide is the same in both 
reactions, and the solvent is the same for both reactions), 7.11. 


the first reaction is expected to occur at a faster rate. 


7.10. The nitrogen atom functions as a nucleophilic 
center and attacks the electrophilic methyl group in 
SAM, forming an ammonium ion. 


(a) With a second-order rate equation, the rate is 
expected to be linearly dependent on the concentrations 
of the substrate and the base. Ifthe concentration of the 
substrate is tripled, then the rate is expected to be three 
times faster. 
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(b) With a second-order rate equation, the rate is 
expected to be linearly dependent on the concentrations 
of the substrate and the base. If the concentration of the 
base is doubled, then the rate is expected to be two times 
faster. 

(c) With a second-order rate equation, the rate is 
expected to be linearly dependent on the concentrations 
of the substrate and the base. If the concentration of the 
substrate is doubled and the concentration of the base is 
tripled, then the rate is expected to be six times faster 
(x2x3). 


7.12. 

(a) We begin by identifying the parent. The longest 
chain is six carbon atoms, so the parent is hexene. There 
is one substituent (highlighted), which is a methyl group. 


1 3 5 
ah ae 


With respect to the m bond, the parent could be 
numbered from either direction (either way, the double 
bond will be between C3 and C4), but in this case, we 
must assign numbers from left to right to give the 
substituent the lower possible number (C3 rather than 
C4). We include a locant that identifies the position of 
the double bond (“3” indicates that the double bond is 
located between C3 and C4), as well as a locant to 
identify the position of the substituent. Furthermore, we 
must include the configuration of the double bond (£): 


1 3 5 
ARE 
(E)-3-methyl-3-hexene 


(b) We begin by identifying the parent, which must 
include the two carbon atoms bearing the double bond. 
The longest possible chain has five carbon atoms, so the 
parent is pentene. There is more than one choice for the 
parent, and we choose the parent with the greater number 
of substituents: 

1 2 


Wav 


There are two substituents (highlighted): a methyl group 
and an ethyl group. The parent is numbered to give the 
double bond the lowest possible number (C2). 
Therefore, the ethyl group is located at C3, and the 
methyl group is located at C4. These groups are 
arranged alphabetically, together with their locants, in 
the name. Finally, we must include the configuration of 
the double bond (E) at the beginning of the name: 


Ws 
5 


(E)-3-ethyl-4-methyl-2-pentene 


(c) We begin by identifying the parent. The longest 
chain is seven carbon atoms, so the parent is heptene. 
There are three substituents (highlighted), all of which 
are methyl groups. Notice that the parent chain is 
numbered starting from the side that is closest to the z 
bond. According to this numbering scheme, the methyl 
groups are located at C2, C3, and C5. Finally, we use 
the prefix “tri” to indicate the presence of three methyl 
groups, and we include a locant that identifies the 
position of the double bond (“2” indicates that the double 
bond is located between C2 and C3): 


2,3,5-trimethyl-2-heptene 


Note that the C2 position is connected to two methyl 
groups, so the double bond is not stereoisomeric (neither 
E nor Z). 


(d) We begin by identifying the parent. The longest 
chain is seven carbon atoms, so the parent is heptene. 
There are two substituents — a methyl group and an ethyl 
group (highlighted). Notice that the parent chain is 
numbered starting from the side that is closest to the z 
bond. According to this numbering scheme, the methyl 
group is located at C2, and the ethyl group is located at 
C3. Finally, we arrange the substituents alphabetically, 
and we include a locant that identifies the position of the 
double bond: 


3-ethyl-2-methyl-2-heptene 


Note that the C2 position is connected to two methyl 
groups, so the double bond is not stereoisomeric (neither 
E nor Z). 


(e) We begin by identifying the parent. The longest 
chain (containing the double bond) is five carbon atoms, 
so the parent is pentene. There are three substituents — 
an isopropyl group and two methyl groups (highlighted). 
Notice that the parent chain is numbered starting from 
the side that is closest to the n bond. According to this 
numbering scheme, the isopropyl group is located at C3, 
and the methyl groups are located at C2 and C4. Finally, 
we arrange the substituents alphabetically, and we 
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include a locant that identifies the position of the double 
bond: 


3-isopropyl-2,4-dimethyl-1-pentene 


(f) We begin by identifying the parent. The longest 
chain is seven carbon atoms, so the parent is heptene. 
There is one substituent — a tert-butyl group 
(highlighted). Notice that the parent chain is numbered 
starting from the side that is closest to the m bond. 
According to this numbering scheme, the tert-butyl 
group is located at C4. Finally, we include a locant that 
identifies the position of the double bond: 


4-tert-butyl-1-heptene 


(g) We begin by identifying the parent. The longest 
possible chain has eight carbon atoms, so the parent is 
octene. There are five substituents (highlighted). With 
respect to the z bond, the parent could be numbered from 
either direction (either way, the double bond will be 
between C4 and C5), but in this case, we must assign 
numbers from left to right to give the second substituent 
the lower possible number (2,2,7-trimethyl, rather than 
2,7,7-trimethyl). We include a locant to identify the 
position of the double bond. Substituents are arranged 
alphabetically, together with their locants, in the name. 
Furthermore, we must include the configuration of the 
double bond (£) at the beginning of the name: 


(E)-4,5-diethyl-2, 2, 7-trimethyl-4-octene 


(h) We begin by identifying the parent. The longest 
possible chain has seven carbon atoms, so the parent is 
heptene. There are six substituents (highlighted). The 
parent is numbered from left to right to give the double 
bond the lower possible number. Substituents are 
arranged alphabetically (ethyl before methyl), together 
with their locants, in the name. Furthermore, we must 
include the configuration of the double bond (£) at the 
beginning of the name: 
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(E)-3-ethyl-2,2,4,5,5-pentamethyl-3-heptene 


7.13 

(a) The parent is five carbon atoms (pentene), with the 
double bond between C2 and C3. There are three 
substituents — an isopropyl group at C3, and two methyl 
groups at C2 and C4: 


3-isopropyl-2,4-dimethyl-2-pentene 


(b) The parent is six carbon atoms (hexene), with the 
double bond between C2 and C3. There are two 
substituents — an ethyl group at C4, and a methyl group 
at C2: 


4-ethyl-2-methyl-2-hexene 


(c) The parent is a four-membered ring (cyclobutene). 
There are two substituents located at C1 and C2, which 
are (by definition) the positions bearing the double bond: 


1,2-dimethylcyclobutene 


7.14, We begin by identifying the parent, which is 
bicyclic in this case. The parent is 
bicyclo[2.2.1]heptene. There are two substituents 
(highlighted), both of which are methyl groups. Notice 
that the parent chain is numbered starting from one of the 
bridgeheads, as seen in Section 4.2, which places the 
double bond between C2 and C3. According to this 
numbering scheme, the methyl groups are also located at 
C2 and C3. Finally, we include a locant that identifies 
the position of the double bond (C2). 
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2,3-dimethylbicyclo[2.2. 1]hept-2-ene 
7.15. 


(a) This alkene is trisubstituted because there are three 
groups (highlighted) connected to the double bond: 


cr 


trisubstituted 


(b) This alkene is disubstituted because there are two 
groups (highlighted) connected to the double bond: 


Z 


disubstituted 


(c) This alkene is trisubstituted because there are three 
groups (highlighted) connected to the double bond. 
Notice that one of the groups counts twice because it is 
connected to both vinylic positions: 


this substituent 
a counts twice 
trisubstituted 


(d) This alkene is trisubstituted because there are three 
groups (highlighted) connected to the double bond: 


aS 


trisubstituted 


(e) This alkene is monosubstituted because there is only 
one group (highlighted) connected to the double bond: 


K 
monosubstituted 
7.16. 


(a) Each alkene is classified according to its degree of 
substitution. The most highly substituted alkene will be 


the most stable, and therefore, the following order of 
stability is expected. 


increasing stability 


> 
di- tri- tetra- 
substituted substituted substituted 


(b) Each alkene is classified according to its degree of 
substitution. The most highly substituted alkene will be 
the most stable, and therefore, the following order of 
stability is expected. 


increasing stability 
a 


Ae A KR 


mono- di- tri- 
substituted substituted substituted 


7.17. In the first compound, all of the carbon atoms of 
the ring are sp? hybridized and tetrahedral. As a result, 
they are supposed to have bond angles of approximately 
109.5°, but their bond angles are compressed due to the 
ring (and are almost 90°). In other words, the compound 
exhibits angle strain characteristic of small rings. In the 
second compound, two of the carbon atoms are sp’ 
hybridized and trigonal planar. As a result, they are 
supposed to have bond angles of approximately 120°, but 
their bond angles are compressed due to the ring (and are 
almost 90°). The resulting angle strain (120° > 90°) is 
greater than the angle strain in the first compound 
(109.5° > 90°). Therefore, the second compound is 
higher in energy, despite the fact that it has a more 
highly substituted double bond. 


7.18. 
(a) This compound has three B positions, but one of 
them (highlighted) does not bear protons: 


a\ Cl 


Since there are two B positions bearing protons, there are 
two possible elimination products. Since the base 
(ethoxide) is not sterically hindered, we expect that the 
major product will be the more-substituted alkene, and 
the minor product will be the less-substituted alkene. 
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cl 
NaOEt 3 nE 
— + 


major 
(more substituted) 


minor 
(less substituted) 


(b) This compound has three ß positions that bear 
protons, but two of them (highlighted) are identical: 


a\ cl 


Thus, there are only two unique B positions, giving rise 
to two possible elimination products, shown below. 
Since the base (tert-butoxide) is sterically hindered, we 
expect that the major product will be the less-substituted 
alkene, and the minor product will be the more- 
substituted alkene. 


ba 


major minor 
(less substituted) (more substituted) 


(c) This compound has three B positions that bear 
protons, but two of them (highlighted) are identical: 


en 


B B 


Thus, there are only two unique ß positions, giving rise 
to two possible elimination products, shown below. 
Since the base (hydroxide) is not sterically hindered, we 
expect that the major product will be the more- 
substituted alkene, and the minor product will be the 
less-substituted alkene. 


eu ear et 


major minor 
(more substituted) (less substituted) 


(d) This compound has three B positions that bear 
protons, but two of them (highlighted) are identical: 


eke 
B B 


Thus, there are only two unique ß positions, giving rise 
to two possible elimination products. Since the base 


CHAPTER 7 191 


(tert-butoxide) is sterically hindered, we expect that the 
major product will be the less-substituted alkene, and the 
minor product will be the more-substituted alkene. 


I t-BuOK 
= + 3 


major minor 
(less substituted) (more substituted) 


(e) This compound has three B positions that bear 
protons: 
Br 


In this case, all three B positions are identical, because 
removing a proton from any one of these positions will 
lead to the same product As such, there is only one 
possible elimination product: 


Br 
NaOH 
— NNS 


only product 


(f) As seen in the solution to part (e), all three B 
positions are identical, so only one elimination product is 
possible. 


Br 
t-BuOK 
u X 


only product 


7.19. 

(a) The more substituted alkene is desired, so hydroxide 
(not sterically hindered) should be used. 

(b) The less substituted alkene is desired, so tert- 
butoxide (a sterically hindered base) should be used. 


7.20. Both bromide leaving groups should be considered 
for elimination, but the primary bromide cannot be 
eliminated because it has no beta hydrogen. 


Br a 
Br 


| 


This Br cannot be removed 


B 


Therefore, the product must be formed via an E2 reaction 
involving the tertiary bromide. 
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There are many ß positions, but the base (¢-butoxide) is 
sterically hindered, so we expect the Hofmann product 
(deprotonation of the less hindered beta hydrogen): 


ro) 
HBG 


H 
(Fl 
Br Z ~Br 
” ee 


Major product 


Regarding the other B positions, Bredt’s Rule states that 
it is highly unlikely for a C-C double bond to be formed 
at a bridgehead carbon of a bicyclic system such as the 
one shown. 


Cannot form double bond 
at bridgehead position 


g 
am D~ 


Not formed 


EBUS N 
E H Bn 
Vie 


The same is true regarding deprotonation at the other 
beta position: 


Br, Not formed 


>, t+ see 


Cannot form double bond 
at bridgehead position 


As a result, this reaction affords only one product. 
7.21. 


(a) The substrate has two B positions, but only one of 
these positions (highlighted) bears protons. 


This B position has two protons, so the reaction will be 
stereoselective. That is, we expect both cis and trans 
isomers, with a preference for the trans isomer. 


7 
Za Z 


major minor 


(b) The substrate has two B positions, but only one of 
these positions (highlighted) bears a proton. 


This B position has only one proton, so the reaction will 
be stereospecific. That is, only one particular 
stereoisomeric product will be obtained. To determine 
which product to expect, we must rotate the central C—C 
bond so that the B proton is anti-periplanar to the leaving 
group. We will do so in two stages. First, we rotate the 
central C-C bond in a manner that places the B proton in 
the plane of the page (rather than on a dash): 


Rotate 
central bond j 


Then, we rotate the central C-C bond again, in a manner 
that places the leaving group (Br) in the plane of the 


page: 
Rotate 
Q CH3 H central bond Q CH; (Br 
My) a Br MN 


H 


In this conformation, the proton and the leaving group 
are anti-periplanar. To draw the product, use the wedges 
and dashes as guides. In this case, the tert-butyl group 
and the phenyl group are both on wedges, so they will be 
cis to each other in the product: 


(c) The substrate has two £ positions, but only one of 
these positions (highlighted) bears a proton. 
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This B position has only one proton, so the reaction will 
be stereospecific. That is, only one particular 
stereoisomeric product will be obtained. To determine 
which product to expect, we can rotate the central C—C 
bond so as to place the B proton and the leaving group in 
the plane of the page. But in this case, that is not 
necessary, because the B proton and the leaving group 
are already anti-periplanar to one another (one is on a 
dash and the other is on a wedge): 


HC H 
In such a case, it is relatively easy to draw the product, 
because the carbon skeleton is simply redrawn without 
the B proton and without the leaving group (with a 
double instead). Note that a double bond has planar 
geometry, so the methyl group is on a straight line (not a 
dash) in the product: 


Base 


HaC H CH3 


(d) The substrate has two B positions, but only one of 
these positions (highlighted) bears a proton. 


cl 


This B position has only one proton, so the reaction will 
be stereospecific. That is, only one particular 
stereoisomeric product will be obtained. To determine 
which product to expect, we will use the same method 
employed in the solution to part (c). In this case, the 
B proton and the leaving group are already anti- 
periplanar to one another (one is on a dash and the other 
is on a wedge). 
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In such a case, the carbon skeleton is simply redrawn 
without the B proton and without the leaving group (with 
a double instead). Note that a double bond has planar 
geometry, so the methyl group is on a straight line (not a 
dash) in the product: 


Za 
CH; 


(e) The substrate has two ßB positions, but only one of 
these positions (highlighted) bears a proton. 


Cl 


This B position has only one proton, so the reaction will 
be stereospecific. That is, only one particular 
stereoisomeric product will be obtained. To determine 
which product to expect, we will use the same method 
employed in the solution to part (c). In this case, the 
P proton and the leaving group are already anti- 
periplanar to one another (one is on a dash and the other 
is on a wedge). 


Cl 


In such a case, the carbon skeleton is simply redrawn 
without the B proton and without the leaving group (with 
a double instead). Note that a double bond has planar 
geometry, so the methyl group is on a straight line (not a 
wedge) in the product: 


(£) The substrate has two B positions, but only one of 
these positions (highlighted) bears a proton. 


This B position has only one proton, so the reaction will 
be stereospecific. That is, only one particular 
stereoisomeric product will be obtained. To determine 
which product to expect, we must rotate the central C—C 
bond so that the B proton is anti-periplanar to the leaving 
group. We will do so in two stages. First, we rotate the 
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central C-C bond in a manner that places the B proton in 
the plane of the page (rather than on a dash): 


Cl CH3 £l 


J“ Rotate oe 
H central bond H 
— > 


Then, we rotate the central C-C bond again, in a manner 
that places the leaving group (C1) in the plane of the 


page: 


CH3 (CI 


FEO 


In this conformation, the proton and the leaving group 
are anti-periplanar. To draw the product, use the wedges 
and dashes as guides. In this case, the ethyl group and 
the phenyl group are both on dashes, so they will be cis 
to each other in the product: 


chalg gi 
A Ma, 5 
H 


Rotate 
jee bone bond 


CH; cI 


H3C 
MN, Base! 
waa JE uh ‘© => ae 


(g) The substrate has two B positions, but only one of 
these positions (highlighted) bears protons. 


cl 


LRO 
This B position has two protons, so the reaction will be 


stereoselective. That is, we expect both cis and trans 
isomers, with a preference for the trans isomer. 


“SO SCO 
+ 
major minor 


(h) The substrate has two B positions, but only one of 
these positions (highlighted) bears protons. 


Cl 


This B position has two protons, so the reaction will be 
stereoselective. That is, we expect both cis and trans 
isomers, with a preference for the trans isomer. 


EO SC 
+ 
major minor 
7.22. Since the two alkyl bromides are identical with 
the exception of the configuration at C6, the 
stereospecificity of the reaction will dictate the 
configuration (E or Z) of the newly formed C=C unit in 
each case. Let’s begin with compound 1, which can be 
easily drawn because the B proton and the leaving group 


are already anti-periplanar to one another (one is on a 
dash and the other is on a wedge): 


In such a case, the carbon skeleton is simply redrawn 
without the B proton and without the leaving group (with 
a double instead). Note that a double bond has planar 
geometry, so the methyl group is on a straight line (not a 
dash) in the product: 


HaC, (CH, HQ H CH; 


HC, CH3 
ann YT SS oO 


CH3 Î or “CH 
(E) Compound 1 


In this case, the Æ product predominates. Since 
compound 1 has the E configuration for the double bond 
between C6 and C7, compound 2 must have the Z 
configuration for that double bond: 


(Z2) 


Compound 2 
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Compound 1 is expected to be more stable than 
compound 2, because of steric considerations (E vs. Z) 


7.23. In the structure of menthyl chloride (shown 
below), the leaving group (CI) is on a dash. Therefore, 
we are looking for a B proton that is on a wedge, in order 
that it should be antiperiplanar with the leaving group. 
In this case, there is only one B proton on a wedge 
(highlighted below). Therefore, only one elimination 
product is observed: 


This proton is cis to the leaving group, 
so it cannot achieve antiperiplanarity 
with the leaving group 


—_> 


yw w 


H| H 


menthyl chloride 
In contrast, the leaving group in neomenthyl chloride is 


antiperiplanar with two different B protons (highlighted), 
giving rise to two possible products: 


yw 


we 


H) H 


neomenthyl chloride yw 


7.24. Because of the bulky tert-butyl group, the first 
compound is essentially locked in a chair conformation 
in which the leaving group (CI) occupies an equatorial 
position. 


This conformation cannot undergo an E2 reaction 
because the leaving group is not antiperiplanar with a 
proton. However, the second compound is locked in a 
chair conformation in which the leaving group (CI) 
occupies an axial position. 


«CI 
R 2» 
= 1 
| 
Cl 
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This conformation rapidly undergoes an E2 reaction. 
Therefore, the second compound is expected to be more 
reactive towards an E2 process than the first compound. 


7.25. 

(a) We must determine both the regiochemical outcome 
and the stereochemical outcome. Let’s begin with 
regiochemistry. There are two B positions in this case, 
so there are two possible regiochemical outcomes. 


The base (ethoxide) is not sterically hindered, so we 
expect the major product will be the more-substituted 
alkene, while the minor product will be the less- 
substituted alkene. Next, we must identify the 
stereochemistry of formation of each of the products. 
Let’s begin with the minor product (the less substituted 
alkene), because its double bond does not exhibit 
stereoisomerism: 


minor product 


As shown, there are two hydrogen atoms (highlighted) 
connected to one of the vinylic positions, so this alkene 
is neither E nor Z. Now let’s turn our attention to the 
major product of the reaction (the more-substituted 
alkene). To determine which stereoisomer is obtained, 
we must first redraw the starting material in a way that 
shows the B proton and the leaving group in an anti- 
periplanar arrangement: 


Rotate 
central bond 


syn-periplanar anti-periplanar 


When drawn in an anti-periplanar conformation (with 
the proton on a wedge and the leaving group on a dash), 
the product can be easily drawn by redrawing the 
skeleton, with a double bond taking the place of the B 
proton and the leaving group: 


HAE (cl 


CH3 CH3 
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Notice that the isopropyl group is drawn on a straight 
line (double bonds have planar geometry). 
In summary, we expect the following two products: 


major minor 

(b) For substituted cyclohexanes, an E2 reaction will 
occur if the leaving group and the B proton can achieve 
antiperiplanarity. In order to achieve this, one must be 
on a wedge and the other must be on a dash. The leaving 
group (Br) is on a wedge. Therefore, we are looking for 
a B proton that is on a dash. In this case, there are two 
different B protons on a dash (highlighted below), giving 
rise to two products. Since the base (ethoxide) is not 
sterically hindered, we expect the more-substituted 
alkene to be the major product: 


major minor 

(c) For substituted cyclohexanes, an E2 reaction will 
occur if the leaving group and the B proton can achieve 
antiperiplanarity. In order to achieve this, one must be 
on a wedge and the other must be on a dash. The leaving 
group (Br) is on a wedge. Therefore, we are looking for 
a B proton that is on a dash. In this case, there is only 
one B proton on a dash (highlighted below), giving rise 
to only one product: 


Br 
J, J, 
Ka NaOEt 


only E2 product 


(d) We must determine both the regiochemical outcome 
and the stereochemical outcome. Let’s begin with 
regiochemistry. This compound has three B positions, 
but two of them (highlighted) are identical because 
deprotonation at either of these locations will result in 
the same alkene: 

B 


As such, we expect two possible regiochemical 
outcomes. Since the base (ethoxide) is not sterically 
hindered, we expect the more-substituted alkene as the 
major product. 


NaOEt 
major minor 


Stereochemisty is not a consideration for either product. 
The minor product is not stereoisomeric, and the major 
product cannot exist as an E isomer (because the ring 
makes that impossible). 


(e) For substituted cyclohexanes, an E2 reaction will 
occur if the leaving group and the B proton can achieve 
antiperiplanarity. In order to achieve this, one must be 
on a wedge and the other must be on a dash. The leaving 
group (Br) is on a wedge. Therefore, we are looking for 
a B proton that is on a dash. In this case, there are two 
different P protons on a dash (highlighted below), giving 
rise to two products. Since the base (fert-butoxide) is 
sterically hindered, we expect the less-substituted alkene 
to be the major product: 


Br 


CH3 


major minor 

(f) For substituted cyclohexanes, an E2 reaction will 
occur if the leaving group and the B proton can achieve 
antiperiplanarity. In order to achieve this, one must be 
on a wedge and the other must be on a dash. The leaving 
group (Br) is on a wedge. Therefore, we are looking for 
a P proton that is on a dash. In this case, there is only 
one B proton on a dash (highlighted below), giving rise 


to only one product: 
CH 
t-BuOK cy 3 
— 


only E2 product 
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7.26. Bromide is the best (and only) leaving group in 
compound 1, so the carbon atom connected to Br is (by 
definition) the a carbon. There are two B carbons, but 
only one of these positions (highlighted) has protons. 


The base (tert-butoxide) is sterically hindered; however, 
there is only one regioisomer possible in this reaction 
because there is only one B carbon with protons. In this 
case, tert-butoxide was probably chosen as the base 
(rather than hydroxide, methoxide or some other 
unhindered base) to favor an E2 reaction over an Sn2 
reaction. As we will discover in Section 7.11, 
substitution and elimination reactions often compete with 
each other, especially when the substrate is secondary. 
Since there are two protons on the B position, we might 
predict that this reaction would be stereoselective, 
favoring the trans isomer. However, trans double bonds 
are not stable in rings with fewer than eight carbons. 
Thus, we expect formation of only the cis double bond 
due to the geometric constraints of the seven-membered 
ring. 


Note that in the mechanism shown above, we remove the 
beta proton on a wedge (rather than the proton on a 
dash). This way, the proton and the leaving group are 
antiperiplanar. 


7.27. In each case, the bond between the o position and 
the leaving group is broken, and the carbon atom obtains 
a positive charge. Resonance structures are drawn where 
applicable: 


7.28. Notice that the OH group is replaced with a nucleophile. 


there must have been a carbocation in that position: 


ae 
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© o 
(a) (b) 
YY L z 
() (d) = 
AOR 2 AA 
—_ 


cere, 
oto 


(e) 


DRX 


(h) 


In order for the nucleophile to attack that position, 


CH; 
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Later in this chapter, we will explore how this carbocation is formed. Specifically, we will see that the OH group can 
be protonated in the presence of concentrated acid, giving an excellent leaving group. Then, loss of the leaving group 
(H20) gives the carbocation intermediate: 


Chis, 
Hp 


m pn on 
Benzylic carbocation 


This carbocation is benzylic, so it has extensive resonance stabilization, as shown here: 


Note that the following resonance structure is not significant because the oxygen atom (highlighted) does not have an 


octet of electrons: 


N O: lacks 
J i oa octet 
Ph 2 


NOT a significant 
resonance structure 
7.29. 
(a) The first step of solvolysis is loss of the leaving group to give a carbocation. If the solvent is isopropanol, 
(CH3)2CHOH, then the carbocation will be captured by a molecule of isopropanol, giving an oxonium ion, which is 
then deprotonated to give the product, shown below: 


So -B® 


(b) The rate of solvolysis is dependent on solvent polarity, measured by the dielectric constant of the solvent. A higher 
dielectric constant corresponds with a faster rate of solvolysis. The dielectric constant of ethanol is 24, while the 
dielectric constant of isopropanol is only 18. Therefore, solvolysis is expected to occur more rapidly in ethanol than in 
isopropanol. 


HO cr 


an 


Product 


7.30. 

(a) The first compound is expected to undergo solvolysis more rapidly because it will proceed via a tertiary benzylic 
carbocation (resonance-stabilized). In contrast, solvolysis of the second compound will proceed via a tertiary 
carbocation, which is not resonance-stabilized. 


Tertiary benzylic Tertiary 
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(b) The first compound is a primary alkyl halide and is therefore not expected to undergo solvolysis at an appreciable 
rate. In contrast, the second compound is an allylic bromide. Solvolysis of an allylic bromide will proceed via an 
allylic carbocation, which is resonance-stabilized. 


Paar, 


Allylic (resonance-stabilized) 


(c) Both compounds have the same carbon skeleton, and therefore give the same carbocation (during solvolysis). 
Nevertheless, the second compound is expected to undergo solvolysis more rapidly, because the leaving group is 
bromide, which is a better leaving group than chloride. 


7.31. We expect Snl and E1 processes to occur. The Sn1 process gives the following product: 


H 
cu 
wr ok /® ° ve 
<i -Br? 6) HO—CHs3 HO—CHs 


And the E1 process gives the following product: 


Q © A ye 
T a HO—CH 


In summary, solvolysis in methanol should give the following products: 


Br OCH3 
CH30H 
— ~ > + 
heat 


Sy product E1 product 


:O—CH; 


Product 


Product 


7.32. In each case, the leaving group X is lost in the reaction so the bond between a carbon atom and the leaving group 
is broken, and a carbocation intermediate is formed. The rate of any Sn1 reaction is dependent on this step of the 
reaction. More stable carbocations are formed faster because the transition state that leads to them is lower in energy. 
Ionization of either compound 1 or 3 will result in a tertiary carbocation. Notice, however, that the carbocation that is 
formed from compound 1 is tertiary AND benzylic. That is, it is resonance-stabilized and therefore should participate 
in a faster Sn1 reaction. 


H3C Xy CH3 CH3 CH3 CH3 
=x? MÆ 2 
= —CYI- lI 
a 
HC- oon HC- ooH HC- ooh CTT oon BOT oon 
H3C H3C H3C H3C H3C 
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7.33. 
(a) Solvolysis is expected to afford Snl and El products. In the Snl product, an ethoxy group (OEt) has replaced 
bromide. There are two El products (two regiochemical outcomes), although the disubstituted alkene is expected to be 


ami ce) product. 
heat 


Sy1 product 


E1 es 


(b) Solvolysis is expected to afford Snl and E1 products. In the Snl product, an OH group has replaced chloride. 
There are two El products (two regiochemical outcomes), although the disubstituted alkene is expected to be a minor 


B OO 


Sy1 product 


E1 ie 


(c) Solvolysis is expected to afford Snl and El products. In the Snl product, a methoxy group (OMe) has replaced 
bromide. In this case, there is only one E1 product (there is only one possible regiochemical outcome), although the 
disubstituted alkene is expected to be a minor product. 


Br 
_MeOH > 
heat 


9j Uv E1 D 


(d) Solvolysis is expected to afford Sn1 and E1 products. In this case, the a position is a chiral center, so we expect a 
pair of enantiomers (with a small preference for the inverted product, as a result of ion pairs). Both Snl products are 
shown below. There are also three E1 products in this case, shown below as well. 


y 


E1 products 


MeO 


w 


I 


Sn1 products 


7.34. 
(a) In this case, the a position is a chiral center, so we expect a pair of enantiomers: 


_EIOH © > on 7 oe S 
“heat 


Sy1 products (enantiomers) 


“y 


(b) The inverted product is expected to predominate slightly, as a result of ion pairs. 
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(c) There are three regiochemical possibilities for an E1 process. Let’s explore each of the three possibilities. One 
regiochemical possibility is to form the double bond in the location highlighted below, which leads to two 


diastereomeric alkenes. 


© (Z) J 
y 


Diastereomers 


Another regiochemical possibility is to form the double bond in the location highlighted below, which also leads to two 


diastereomeric alkenes. 


Br E 
SALA S + > 
(E) 


(Z) 


—— 


Diastereomers 


Finally, the third regiochemical possibility leads to a disubstituted alkene, which is not stereoisomeric: 


Br 
~ oN 


In total, there are five alkene products, all shown above. 


AY 


(d) For each regiochemical possibility (shown above), the alkene with fewer or weaker steric interactions is favored. 
In each of these cases, the E isomer has weaker steric interactions, and is therefore the favored isomer. 


7.35. 

(a) In the first compound, the B positions are deuterated. 
As such, an elimination reaction will involve loss of 
DBr, which occurs at a slower rate than loss of HBr. 
Therefore, the second compound is expected to undergo 
elimination more rapidly. 


(b) In the first compound, the B positions are deuterated. 
In the second compound, the o position is deuterated. 
Since elimination involves removal of H (or D) from the 
B position, the rate of reaction for the first compound 
will be more affected by the presence of deuterium. That 
is, the first compound is expected to undergo elimination 
at a slower rate. Therefore, the second compound is 
expected to undergo elimination more rapidly. 


(c) In the first compound, the B position is deuterated. 
In the second compound, the o position is deuterated. 
Since elimination involves removal of H (or D) from the 
B position, the rate of reaction for the first compound 
will be more affected by the presence of deuterium. That 
is, the first compound is expected to undergo elimination 
at a slower rate. Therefore, the second compound is 
expected to undergo elimination more rapidly. 


7.36. 

(a) Ethoxide is a strong base, so we expect an E2 
reaction, which involves deprotonation at the B position. 
If all of the B protons are replaced with D (as indicated in 
the problem statement), then the reaction is expected to 
occur at a slower rate, as a result of a primary isotope 
effect. 


(b) In this case, the reagent is ethanol, which is a weak 
base. These conditions favor an El process. In an El 
process, deprotonation of the B position occurs AFTER 
the rate determining step (loss of the leaving group). 
Therefore, we do not expect a primary isotope effect. 


7.37. 

(a) The reagent is chloride, which functions as a 
nucleophile, so we expect a substitution reaction. The 
substrate is secondary and the solvent (DMSO) is polar 
aprotic, indicating an Sn2 process. As such, we expect 
inversion of configuration, as shown: 


Br 


AA 


NaCl 
DMSO 


“Q 


"T ™ 
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(b) The reagent is hydroxide, which is both a strong base 
and a strong nucleophile. The substrate is tertiary, so we 
expect an E2 process. There are three B positions, but 
two of them are identical, so there are two possible 
regiochemical outcomes. The more-substituted alkene 
is the major product, as shown. The products are not 
stereoisomeric, so stereochemistry is not a consideration. 


Z + 


major minor 
(more substituted) (less substituted) 


(c) The reagent is tert-butoxide, which is a strong, 
sterically hindered base. The substrate is tertiary, so we 
expect an E2 process. There are three B positions, but 
two of them are identical, so there are two possible 
regiochemical outcomes. Since the base is sterically 
hindered, we expect that the less-substituted alkene will 
be the major product, as shown. The products are not 
stereoisomeric, so stereochemistry is not a consideration. 


I 


t-BuOK 
— 


major minor 
(less substituted) (more substituted) 


(d) The reagent is DBN, which is a strong base. The 
substrate is tertiary, so we expect an E2 process. There 
are two B positions bearing protons, and both of these 
positions are identical, so there is only one possible 
regiochemical outcome. The product is not 
stereoisomeric, so stereochemistry is not a consideration. 


Br 
cy DBN cy. 
-=j 


(e) The reagent is tert-butoxide, which is a strong base 
and strong nucleophile. For most reagents in this 
category, treatment with a primary alkyl halide will give 
Sn2 as the major pathway and E2 as the minor pathway. 
However, tert-butoxide is sterically hindered, which 
reduces the rate of the Sn2 process, such that E2 now 
prevails. Therefore, the major product will result from 
an E2 process, and the minor product will result from an 
Sn2 process. 


t-BuOK 
NAANI > a 
major 
+ ree 4 
minor 


(£) The reagent is HS’, which is a strong nucleophile 
and a weak base. The substrate is primary, so we expect 
an Sn2 process, giving the following product: 


NaSH 
a ™ A ~-~™su 
(g) The reagent is hydroxide, which is both a strong base 
and a strong nucleophile. The substrate is primary, so 
we expect the major product to result from an Sn2 
process, and the minor product to result from an E2 
process, as shown: 


Br 
OH 
~ NaOH 
a n DNS 


major minor 

(h) The reagent is ethoxide, which is both a strong base 
and a strong nucleophile. The substrate is primary, so 
we expect the major product to result from an Sn2 
process, and the minor product to result from an E2 
process, as shown: 


Br 


NaOEt OEt 
+ 


major minor 

(i) The reagent is ethanol, which is both a weak base and 
a weak nucleophile. The substrate is tertiary, so we 
expect El and Snl processes. One of the alkene 
products is trisubstituted, so we expect El to 
predominate over Snl. For the El pathway, two 
regiochemical outcomes are possible. The more- 
substituted alkene is the major product, while the minor 
products are the less-substituted alkene and the Snl 
product, shown below: 


I 
—_ > ZA 
heat f 
major 
OEt 
ü AA . a. 
minor minor 


(j) The reagent is hydroxide, which is both a strong base 
and a strong nucleophile. The substrate is secondary so 
we expect both E2 and Sn2 processes, although E2 will 
be responsible for the major product. Accordingly, the 
major product is the more substituted alkene, with the 
trans configuration (because the reaction is 
stereoselective, favoring the trans isomer over the cis 
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isomer). The minor products include the cis isomer, as 
well as the less-substituted alkene and the Sn2 product: 


Br 
NaOH 
NNN NN 
major 
minor 
OH 
+ 
minor minor 


(k) The reagent is methoxide, which is both a strong 
base and a strong nucleophile. The substrate is 
secondary so we expect both E2 and Sn2 processes, 
although E2 will be responsible for the major product. 
Accordingly, the major product is the more substituted 
alkene, with the trans configuration (because the reaction 
is stereoselective, favoring the trans isomer over the cis 
isomer). The minor products include the cis isomer, as 
well as the less-substituted alkene and the Sn2 product: 


Br 

NaOMe 
Ww NN 

major 
minor 
OMe 
+ 

minor minor 


(Œ) The reagent is methoxide, which is both a strong base 
and a strong nucleophile. The substrate is secondary so 
we expect both E2 and Sn2 processes, although E2 will 
be responsible for the major product. Let’s begin by 
drawing the major product, and then we will move on to 
the minor products. 

To draw the major product (E2), we note that there are 
two B positions in this case, so there are two possible 
regiochemical outcomes. 


Br 


B 


The base is not sterically hindered, so the Zaitsev 
product (the more substituted alkene) is expected to be 
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the major product. To determine which stereoisomer is 
obtained, we must first redraw the starting material in a 
way that shows the B proton and the leaving group in an 
anti-periplanar arrangement: 

H) CH; 
a Rotate 


central bond 
a ae H3C. Mn, 


H 


Br 


CH3 Br 


CH3 

H and Br are anti-periplanar 
When drawn in an anti-periplanar conformation, we can 
use the dashes and wedges as guides to draw the correct 


stereoisomer (methyl groups are trans to each other in 
the product): 


NaOMe 
—> 
H3C,, 
5 Br CH3 
H HC 
CH3 


Now let’s consider the minor products. We noted before 
that there are two possible regiochemical outcomes for 
an E2 process. The Hofmann product (the less 
substituted alkene) will be a minor product: 


minor 


Another minor product is obtained via an Sn2 process 
(with inversion of configuration), as shown: 


OMe 


minor 


NaOMe 


OMe 


minor 


minor 
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(m) The reagent is hydroxide, which is both a strong 
base and a strong nucleophile. The substrate is 
secondary so we expect both E2 and Sn2 processes, 
although E2 will be responsible for the major product. 
For substituted cyclohexanes, an E2 reaction occurs via a 
conformation in which the leaving group and the B 
proton are antiperiplanar to one another (one must be on 
a wedge and the other must be on a dash). The leaving 
group (Br) is on a wedge. Therefore, we are looking for 
a B proton that is on a dash. In this case, there is only 
one B proton that is on a dash (highlighted below), 
giving rise to only one elimination product, as shown: 


Br 
NaOH © 
—o 
W iry 
1 


major 


H (H 


The minor product is generated via an Sn2 pathway 
(with inversion of configuration, as expected): 


Br yOH 
Cr E © © 
— + 
“MN K “Mn 


major minor 

(n) The reagent is ethoxide, which is both a strong base 
and a strong nucleophile. The substrate is secondary so 
we expect both E2 and Sn2 processes, although E2 will 
be responsible for the major product. For substituted 
cyclohexanes, an E2 reaction occurs via a conformation 
in which the leaving group and the £ proton are 
antiperiplanar to one another (one must be on a wedge 
and the other must be on a dash). The leaving group 
(Br) is on a wedge. Therefore, we are looking for a B 
proton that is on a dash. In this case, there are two such 
protons (highlighted below), giving rise to two 
elimination products, as shown. The major product is 
the more-substituted alkene (because the base is not 
sterically hindered), while the minor products include the 
less-substituted alkene and the Sn2 product (with the 
expected inversion of configuration): 


H (H 


NaOEt 
———(r- 
uH 
major 
yOH 
minor minor 


7.38. There are only two constitutional isomers with the 
molecular formula C3H7Cl: 


Cl 
PFO a 
a primary a secondary 
alkyl halide alkyl halide 


Sodium methoxide is both a strong nucleophile and a 
strong base. When compound A is treated with sodium 
methoxide, a substitution reaction predominates. 
Therefore, compound A must be the primary alkyl 
chloride above. When compound B is treated with 


sodium methoxide, an elimination reaction 
predominates. Therefore, compound B must be the 
secondary alkyl chloride: 
Cl 
Compound A Compound B 
7.39. 


(a) There are four constitutional isomers with the 
molecular formula C4HoCl, shown below. Only one of 
them affords the desired product when treated with 
methoxide: 


(b) We saw in the solution to part (a) that there are four 
constitutional isomers with the molecular formula 
C4HoCl. Let’s consider the major product that is 
expected when each of these isomers is treated with 
methoxide. Notice that only one of these cases produces 
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a disubstituted alkene that is different from the trans-2- 
butene: 


NaOMe 
Cl NON _ MeO. ~_~ 
Cl 
pct NaOMe 
Nr 


NaOMe 


Therefore, the following structure must be compound B: 


ye 


7.40. The problem statement indicates that the major 
product is 2,3-dimethyl-2-butene: 


2,3-dimethyl-2-butene 


The starting alkyl halide must have the same carbon 
skeleton as this product, and there are only two such 
isomers with the molecular formula CoHi3Cl. 


CI 
sn ne 
Only one of these isomers gives the desired major 
product upon treatment with sodium ethoxide: 


a J NaOEt . = 


2,3-dimethyl-2-butene 


7.41. 

(a) The reagent is ethoxide, which is both a strong base 
and a strong nucleophile. The substrate is secondary so 
we expect both E2 and Sn2 processes, although E2 will 
be responsible for the major product. There is only one 
regiochemical outcome for the E2 process, so only one 
alkene is formed. There is also only one product from 
the Sn2 process: 
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OTs OEt 
g == Q Cy 
+ 


Major Minor 

(b) The reagent is hydroxide, which is both a strong 
base and a strong nucleophile. The substrate is 
secondary so we expect both E2 and Sn2 processes, 
although the E2 process will be responsible for the major 
product. There are two regiochemical outcomes for the 
E2 process. One of these outcomes leads to a 
disubstituted alkene, which is stereoisomeric. Both 
stereoisomers are expected, although the trans isomer 
will be favored over the cis isomer because the reaction 
is stereoselective. Indeed, the trans isomer is the major 
product, because the base is not sterically hindered (a 
sterically hindered base would have favored the 
monosubstituted alkene). There is also one minor 
product that is formed via an Sn2 process: 


OTs 
Bie a 
ANAA + ee 
major minor 
OH 
+ F a 
ZZ NA a S 
minor minor 


(c) The reagent (HS) is a strong nucleophile (not a 
strong base), and the substrate is secondary, so we expect 
an Sn2 process, giving the following product: 


OTs SH 
O NaSH Cy 
———__> 


(d) The reagent is hydride (H`), which is a strong base 
(not a nucleophile), so we expect an E2 process (no Sn2). 
For substituted cyclohexanes, an E2 reaction occurs via a 
conformation in which the leaving group and the B 
proton are antiperiplanar to one another (one must be on 
a wedge and the other must be on a dash). The leaving 
group (OTs) is on a wedge. Therefore, we are looking 
for a B proton that is on a dash. In this case, there is only 
one B proton that is on a dash (highlighted below), 
giving rise to only one elimination product, as shown: 
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(e) In the first step, the alcohol is converted into a 


tosylate: 
TsO, | 


This tosylate is a secondary substrate. When treated with 
a strong base, we expect E2 to be favored. The base 
(tert-butoxide) is sterically hindered, so the Hofmann 
product will be favored. The Zaitsev product is expected 
to be a minor product: 


In general, when a secondary substrate is treated with a 
reagent that is both a strong base and a strong 
nucleophile, we would expect a minor product from an 
Sn2 process. However, in this case, the nucleophile 
(tert-butoxide) is sterically hindered, so we would expect 
there to be very little, if any, of this Sn2 product. 


(f) In the first step, the alcohol is converted into a 
tosylate: 


In the next step, the tosylate (a primary substrate) is 
treated with ethoxide, which is both a strong base and a 
strong nucleophile. Since the substrate is primary, Sn2 is 
expected to predominate, giving the major product, 
shown below. An E2 process is responsible for the 
minor product, which is an alkene: 


7.42. 
(a) A tertiary alcohol will react with HBr to give the 
corresponding tertiary alkyl bromide via an Sn1 process: 


OH Br 
— 


(b) A tertiary alcohol is converted into an alkene upon 
treatment with concentrated sulfuric acid. The more 
substituted alkene (Zaitsev product) is favored: 


OH 


conc. H2804 
heat 


7.43. 

(a) The starting alcohol is tertiary, so we expect the 
reaction to proceed via an Sn1 process (rather than Sn2). 
The first step of the process is protonation of the OH 
group, thereby converting a bad leaving group into an 
excellent leaving group. Loss of the leaving group gives 
a carbocation, which is then captured by a bromide ion to 
give the product: 


te 


(b) Upon treatment with concentrated sulfuric acid, a 
tertiary alcohol is converted into an alkene via an El 
process. The OH group is first protonated, thereby 
converting a bad leaving group into an excellent leaving 
group. Loss of the leaving group gives a carbocation, 
which is then deprotonated by a molecule of the solvent 


to give the product: 
Pe 4 — — Pee 
ee 
OH heat 


(c) The OH group is first protonated, thereby converting 
a bad leaving group into an excellent leaving group. 
This substrate is primary, so an Sn2 process is expected 
(rather than Sn1) to give the product: 
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(d) The carbon skeleton has rearranged, which indicates 
an El process. The OH group is first protonated, thereby 
converting a bad leaving group into an excellent leaving 
group. Loss of the leaving group gives a secondary 
carbocation, which can rearrange to give a tertiary 
carbocation. The tertiary carbocation is then 
deprotonated by a molecule of the solvent to give the 
product: 


conc. H2SO4 


:OH 
SX heat 


7.44. Our retrosynthesis begins with a disconnection at 
the cyano group, since we must start with an alkyl halide 
instead of a cyano substituent: 


A, 


Target molecule 


Cyanide (N=C ) is a stable and familiar anion, so we will 
use cyanide as the nucleophile. The other carbon (at the 
disconnected bond) must have started out as an 
electrophile, so we draw a leaving group (such as Cl, Br, 
I or OTs) at that position. 


° 
‘eo + ICEN: 


Electrophile Nucleophile 

The last step of the planning process is to confirm that 
the reaction mechanism is favorable. Cyanide is a strong 
nucleophile but not a strong base, so the Sn2 pathway 
does not have any significant competition from the E2 
pathway. With a primary substrate, we expect an Sn2 
process to proceed smoothly to give the desired target 
molecule. 

Now we draw the forward process. As shown here, 
NaCN can be used as a source of cyanide anion: 


NaCN 
T + NaBr 
Br CN 


Target molecule 
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7.45. Consider the mechanism involved in each possible 
transformation, and for each one, consider whether or not 
the target molecule is expected to be the major (or only) 
product. We begin with the first possibility, which 
employs an alkyl halide as the starting material. It is true 
that alkyl halides can be converted to alkenes upon 
treatment with a strong base (via an E2 process). 
However, in this case, there are two possible 
regiochemical outcomes, so we expect a mixture of two 
alkene products: 


Br 
) Ca 
+ 
EtOH 
Poor synthesis 
(gives mixture of products) 


In contrast, treating the second halide with a strong base 
is expected to give only one product (the desired target 
molecule): 


NaOEt 
Br ———_——"> 
EtOH 


In this case there is only one possible regiochemical 


outcome: 


Therefore, the better synthesis begins with the second 
alkyl halide shown. Any strong base, such as NaOEt, 
can be used: 


NaOEt 
Br ————~> 


7.46. Let’s begin by exploring the retrosynthesis based 
on disconnection of bond a. This retrosynthesis involves 
a very poor electrophile, because Sn2 reactions generally 
do not occur at sp? hybridized centers: 


AO 
R 
s® N 
Z aO 


Good nucleophile Not a good electrophile 
for Sy2 reactions 
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The better retrosynthesis is based on disconnection of 
bond b, because it involves both a good electrophile and 
a good nucleophile: 


Br © ; 
R—/ + S R 


Good electrophile for Sy2 
(primary alkyl halide) 


Good nucleophile 


The Sn2 process portrayed in retrosynthesis b is 
favorable, because it involves a strong nucleophile and a 
primary substrate, so this reaction is expected to give the 
desired target molecule. 


P "8 : 
gi (AIK 
e 


7.47. 

(a) The parent is the longest chain, which is three carbon 
atoms in this case (propane). There is only one 
substituent (chloro), and its locant is assigned as 2 (as 
shown below), so the systematic name for this compound 
is 2-chloropropane. The common name is isopropyl 
chloride. 


» Target 
molecule 


3 
pN 
1 CI 
2-chloropropane 


(b) The parent is the longest chain, which is three carbon 
atoms in this case (propane). There are two substituents 
(bromo and methyl), and their locants are assigned as 2 
and 2, as shown below. Substituents are alphabetized in 
the name (bromo precedes methyl), so the systematic 
name is 2-bromo-2-methylpropane. The common name 
is tert-butyl bromide. 


X 
3 2`Br 


2-bromo-2-methylpropane 


(c) The parent is the longest chain, which is three carbon 
atoms in this case (propane). There is only one 
substituent (iodo), and its locant is assigned as 1 (as 
shown), so the systematic name for this compound is 1- 
iodopropane. The common name is propyl iodide. 


2 
3 NL! 


1-iodopropane 


(d) The parent is the longest chain, which is four carbon 
atoms in this case (butane). There is only one substituent 
(bromo), and its locant is assigned as 2 (as shown 
below). The compound has a chiral center, so the 
configuration must be indicated at the beginning of the 
name: (R)-2-bromobutane. The common name is (R)- 


sec-butyl bromide. 
ee. 
4 3 


(R)-2-bromobutane 


(e) The parent is the longest chain, which is three carbon 
atoms in this case (propane). There are three substituents 
(chloro, methyl, and methyl), and their locants are 
assigned as 1, 2, and 2, respectively, as shown below. 
Substituents are alphabetized in the name (chloro 
precedes methyl). Make sure that each methyl group 
receives a locant (2,2-dimethyl rather than 2-dimethyl). 
The systematic name is therefore  1-chloro-2,2- 
dimethylpropane. The common name is neopentyl 


chloride. 
DO: 


1-chloro-2,2-dimethylpropane 


7.48. 

(a) We begin by identifying the parent. The longest 
chain is seven carbon atoms, so the parent is heptene. 
There are four substituents (highlighted), all of which are 
methyl groups. Notice that the parent chain is numbered 
starting from the side that is closest to the m bond. 
According to this numbering scheme, the methyl groups 
are located at C3, C4, C5 and C5. Finally, we use the 
prefix “tetra” to indicate the presence of four methyl 
groups, and we include a locant that identifies the 
position of the double bond (“3” indicates that the double 
bond is located between C3 and C4): 


trans-3,4,5,5-tetramethyl-3-heptene 


(b) The parent is a six-membered ring (cyclohexene). 
There is only substituent (located at C1: 


1-ethylcyclohexene 
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(c) We begin by identifying the parent, which is bicyclic 
in this case. The parent is bicyclo[2.2.2]octene. There is 
only one substituent (a methyl group). Notice that the 
parent chain is numbered starting from one of the 
bridgeheads, as seen in Section 4.2, which places the 
double bond between C2 and C3. According to this 
numbering scheme, the methyl group is located at C2. 
Finally, we include a locant that identifies the position of 
the double bond (C2). 


2-methylbicyclo[2.2.2]oct-2-ene 


(d) We begin by identifying the parent. The longest 
chain is seven carbon atoms, so the parent is heptene. 
There is one substituent (a chloro group). The parent 
chain is numbered starting from the side that is closest to 
the m bond. According to this numbering scheme, the 
chloro group is located at C2. We include a locant that 
identifies the position of the double bond (“2” indicates 
that the double bond is located between C2 and C3). In 
addition, the configuration of the double bond (E) must 
be indicated at the beginning of the name: 


1 


6 4 2 
7 5 3 
A Ke| 


(E)-2-chloro-2-heptene 


(e) The parent is cyclohexene, which does not require a 
locant to identify the position of the double bond, 
because it is assumed to be between C1 and C2. Locants 
are assigned counter-clockwise, in order to give the 
substituent (Br) the lowest possible locant (C3 rather 
than C6). The configuration of the chiral center (R) must 
also be included at the beginning of the name. 


Br 


3 
2 


1 


(R)-3-bromocyclohexene 


(f) The parent is cyclopentene, which does not require a 
locant to identify the position of the double bond, 
because it is assumed to be between C1 and C2. Locants 
are assigned clockwise in this case, in order to give the 
two substituents (Me and Cl) the lowest possible locants. 
Substituents are arranged alphabetically in the name. 
The configuration of the chiral center (R) must also be 
included at the beginning of the name. 
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* 3 
Ke) 
(R)-3-chloro-1-methylcyclopentene 


(g) We begin by identifying the parent. The longest 
chain is seven carbon atoms, so the parent is heptane. In 
this case, there are choices for the parent, and we choose 
the path that gives the maximum number of substituents. 
There are four substituents (highlighted). The location 
of each substituent is indicated with the appropriate 
locant, and the substituents are alphabetized in the name 
(note that dimethyl is alphabetized as “m” for methyl, 
not “d”). 


4-bromo-4-ethyl-3,3-dimethylheptane 


(h) We begin by identifying the parent. The longest 
chain is eight carbon atoms, so the parent is octene. 
There are five substituents (highlighted). The location of 
each substituent is indicated with the appropriate locant, 
and the substituents are alphabetized in the name (bromo 
before methyl). In addition, the configuration of the 
double bond (£) must be indicated at the beginning of 
the name: 


(E)-4,5-dibromo-2,2, 7-trimethyl-4-octene 


7.49. The configuration of each m bond is shown below, 
together with the priorities (highlighted) that were used 
to determine the configuration in each case. 


wr O we 
ZA 


A i 


E 


7.50. We begin by drawing all constitutional isomers 
with the molecular formula CaHoBr, shown below. For 
help, see the solution to Problem 2.51. 


xN Br a a e 
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(a) The four constitutional isomers are arranged below in 
order of increasing reactivity toward Sn2. Notice that 
the tertiary substrate is the least reactive because it is the 
most hindered. Among the two primary substrates, butyl 
bromide is the least sterically hindered (the B position is 
less substituted). Therefore, butyl bromide is the most 
reactive toward Sn2. 


Increasing reactivity (Sy2) 


= 
Br 

`o ae i 4p N ee 
(b) The four constitutional isomers are arranged below 
in order of increasing reactivity toward E2. Notice that 
the tertiary alkyl bromide is the most reactive towards 
E2, followed by the secondary alkyl bromide. Among 
the two primary alkyl bromides, the one leading to a 
disubstituted alkene will be more reactive towards E2 
than the one leading to a monosubstituted alkene. 


Increasing reactivity towards E2 


Br 
Be ee Pe Br A pa 


7.51. The leaving group is an iodide ion (I) and the 
nucleophile is an acetate ion (CH:CO7). In the 
transition state, each of these groups is drawn as being 
connected to the a position with a dotted line (indicating 
these bonds are in the process of forming or breaking), 
and a 6— is placed on each group to indicate that the 
charge is spread over both locations. Don’t forget the 
brackets and the symbol that indicate the drawing is a 
transition state. 


7.52. The substrate is primary, the solvent is DMSO (a 
polar aprotic solvent), and the nucleophile (iodide) is a 
very strong nucleophile. All of these factors suggest an 
Sn2 process. Iodide functions as a nucleophile and 
attacks (S)-2-iodopentane, displacing iodide as a leaving 
group. Since the reaction is an Sn2 process, we expect 
inversion of configuration. The product is (R)-2- 
iodopentane. The reaction continues repeatedly until a 
racemic mixture is eventually obtained. 


7.53. No. Preparation of this compound via an acetylide 
ion would require the use of the following tertiary alkyl 


halide, which will not participate in an Sn2 reaction 
because of steric crowding. 


oh 
7.54. 


(a) The chiral center in the substrate has the R 
configuration, as shown below. 


O 
Il 


(b) The chiral center in the product has the R 
configuration, as shown below. 


NC H 


Px 


(c) The reaction is an Sn2 process, and it does proceed 
with inversion of configuration. However, the 
prioritization scheme changes when the bromo group 
(#1) is replaced with a cyano group (#2). As a result, the 
Cahn-Ingold-Prelog system assigns the same 
configuration to the reactant and the product, even 
though an inversion has indeed occurred. 


7.55. The dianion has two nucleophilic centers, and the 
electrophile has two electrophilic centers. As such, these 
compounds can react with each other via two successive 
Sn2 reactions, as shown below, giving a six-membered 
ring with the molecular formula CaHgOo. 


Br 
ted ic - 
O: JO: © O 
Co Lak 0 
O: 95 D e) 


7.56. 

(a) The desired compound is a primary alcohol, so we 
will need to start with the corresponding primary alkyl 
iodide. The substrate is primary, which dictates that we 
employ an Sn2 process. Therefore, we must use a strong 
nucleophile (hydroxide, rather than water). 


NaOH 
———_ - 


ANAN I Nroh 


(b) The desired compound can be prepared if we use 
acetate (CH3CO7) as a nucleophile, and perform an Sn2 
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reaction with the corresponding primary alkyl iodide, as 
shown below. 
(0) 


oo 


Oa i ad 

(0) 
(c) The desired compound is a nitrile (R-C=N), so we 
must use cyanide (N=C7) as the nucleophile. The 
product is chiral, and only one enantiomer is desired (not 
a racemic mixture). This requires an Sn2 process. Since 
Sn2 processes exhibit inversion of configuration, we will 
need to start with an alkyl iodide with the R 
configuration in order to produce a nitrile with the S 
configuration. 


(R) (9 
an NaCN CN 
EAEAP 


(d) The desired compound is a thiol (RSH), so we must 
use HS as the nucleophile. The product is chiral, and 
only one enantiomer is desired (not a racemic mixture). 
This requires an Sn2 process. Since Sn2 processes 
exhibit inversion of configuration, we will need to start 
with an alkyl iodide with the S configuration in order to 
produce a thiol with the R configuration. 


ek 
(s) ‘I RSH 


( 

7.57. Each proposed method is a substitution process. 
In the first method, the nucleophile is a strong 
nucleophile (methoxide), which favors Sn2, but the 
substrate is tertiary. Sn2 reactions do not occur at tertiary 
substrates, so this method will not work (E2 is expected 
to be the major pathway under these conditions). 

The second method should be efficient, because the 
substrate (methyl iodide) is not sterically hindered, and 
the nucleophile is a strong nucleophile (tert-butoxide). 
These conditions favor an Sn2 process. 


7.58. We begin by drawing the substrate and identifying 
the B positions (highlighted): 


(R)-3-Bromo-2,3-dimethylpentane 


There are three B positions, each of which contains 
protons, so there are three possible regiochemical 
outcomes. If the double bond is formed between C3 and 
C4, then both cis and trans stereoisomers are possible, 
giving a total of four alkenes: 
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Increasing Stability 


Ln Ay dye Fa 


major product 


The tetrasubstituted alkene is the most stable, while the 
disubstituted alkene is the least stable. Among the two 
trisubstituted alkenes, the E isomer is more stable, 
because it exhibits fewer steric interactions than the Z 
isomer. 


larger steric 
interaction 


smaller steric 
interaction 


7.59. There are only two B protons to abstract: one at C2 
and the other at C4. Abstraction of either proton leads to 
the same product. 


NaOH = 
H H 
Br 


7.60. 

(a) There is only one ß position, and the resulting alkene 
is not stereoisomeric, so only one alkene will be 
produced, as shown: 


S 
(the only alkene produced) 


(b) The alkyl halide has two B positions, so there are 
two possible regiochemical outcomes. The more- 
substituted alkene can be formed as the E or Z isomer, 
giving a total of three alkenes, as shown: 


E Pee 


ANS 


Cl Strong 


a. base 
——_ 


(c) The alkyl halide has two p positions, but they are 
identical, so there is only one possible regiochemical 
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outcome. Two stereoisomers are possible (cis and 
trans), giving a total of two alkenes, as shown: 


Strong 
eee gt NN + ae!) 


(d) The alkyl halide has three B positions, but two of 
them are identical. As such, there are two possible 
regiochemical outcomes, giving the following two 
alkenes: 


nie 


Cl 


Cl Strong 
base 
——j» K + 


(e) There are three different B positions, and each of 
them has protons, giving rise to three different 
regiochemical outcomes. For two of these outcomes, 
both cis and trans isomers are possible, giving a total of 
five alkenes, as shown: 


CI Strong 
ee paee, N + 
S 


7.61. The substrate is secondary, and the reagent 
(NaOEt) is both a strong base and a strong nucleophile, 
so we expect the major product to be obtained via an E2 
process. The substrate has two ß positions, both of 
which bear protons, so we must identify the 
regiochemical outcome of the E2 process. Since the base 
is not sterically hindered, we expect the Zaitzev product 
(more substituted alkene). Formation of the Zaitzev 
product requires deprotonation at the following, 
highlighted B position: 


(2S, 3S)-2-bromo-3-phenylbutane 


This position bears only one proton, so the reaction is 
expected to be stereospecific. That is, only one 
particular stereoisomeric product will be obtained. To 
determine which product to expect, we can rotate the 
central C-C bond so as to place the B proton and the 
leaving group in the plane of the page. But in this case, 
that is not necessary, because the B proton and the 
leaving group are already anti-periplanar to one another 
(one is on a dash and the other is on a wedge): 


In such a case, it is relatively easy to draw the product, 
because the carbon skeleton is simply redrawn without 
the B proton and without the leaving group (with a 
double instead). Note that a double bond has planar 
geometry, so the methyl group is on a straight line (not a 
dash) in the product: 


H 


` 
S 


Base 


7.62. 

(a) The problem statement indicates that the major 
product is obtained via an E2 process. The substrate has 
two B positions, both of which bear protons, so we must 
identify the regiochemical outcome of the E2 process. 
Since the base is not sterically hindered, we expect the 
Zaitzev product (more substituted alkene). Formation of 
the Zaitzev product requires deprotonation at the 
following, highlighted B position: 


Br 


This position bears only one proton, so the reaction is 
expected to be stereospecific. That is, only one 
particular stereoisomeric product will be obtained. To 
determine which product to expect, we can rotate the 
central C-C bond so as to place the B proton and the 
leaving group in the plane of the page. But in this case, 
that is not necessary, because the ß proton and the 
leaving group are already anti-periplanar to one another 
(one is on a dash and the other is on a wedge): 


H, 


Br 


In such a case, it is relatively easy to draw the product, 
because the carbon skeleton is simply redrawn without 
the B proton and without the leaving group (with a 
double instead). Note that a double bond has planar 
geometry, so the methyl group is on a straight line (not a 


wedge) in the product: 
we 


H 


Br 
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(b) The problem statement indicates that the major 
product is obtained via an E2 process. There are three B 
positions, but only two of them bear protons, so there are 
two possible regiochemical outcomes. Since the base is 
not sterically hindered, we expect the Zaitzev product 
(more substituted alkene). Formation of the Zaitzev 
product requires deprotonation at the following, 
highlighted B position: 


This position bears only one proton, so the reaction is 
expected to be stereospecific. That is, only one 
particular stereoisomeric product will be obtained. To 
determine which product to expect, we can rotate the 
central C-C bond so as to place the B proton and the 
leaving group in the plane of the page. But in this case, 
that is not necessary, because the B proton and the 
leaving group are already anti-periplanar to one another 
(one is on a dash and the other is on a wedge): 


In such a case, it is relatively easy to draw the product, 
because the carbon skeleton is simply redrawn without 
the B proton and without the leaving group (with a 
double instead). Note that a double bond has planar 
geometry, so the methyl groups are drawn on straight 
lines in the product: 


Base es 


7.63. The reagent is a strong nucleophile and a strong 
base, so we expect a bimolecular reaction. The substrate 
is tertiary so only E2 can operate (Sn2 is too sterically 
hindered to occur). There is only one possible 
regiochemical outcome for the E2 process, because the 
other B positions lack protons. 


Br 


NaOEt 
——§© 


7.64. 

(a) The reagent is hydroxide, which is both a strong 
nucleophile and a strong base. The substrate is 
secondary, so we expect the E2 pathway to predominate. 
There are two B positions that bear protons, so there are 
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two possible regiochemical outcomes for an E2 process. 
The base is not sterically hindered, so the major product 
will be the more-substituted alkene. Two stereoisomers 
are possible (cis and trans), and the trans isomer is 
favored: 


NaOH 
a 6 —__> 


Br 


a a a 


major 


(b) The reagent is fert-butoxide, which is a strong, 
sterically hindered base. The substrate is secondary so 
we expect E2 processes to predominate (Sn2 is highly 
disfavored because of steric interactions). There are two 
B positions that bear protons, so there are two possible 
regiochemical outcomes. The base is sterically hindered, 
so the major product will be the less-substituted alkene: 


t-BuOK 


A ia > 
Br 


7.65. 
(a) Given the location of the m bond, we consider the 
following two possible alkyl halides as potential starting 


materials. 
X 
X 
A B 


Compound A has three B positions, but only two of them 
bear protons, and those two positions are identical. 
Deprotonation at either location will result in the desired 
alkene. In contrast, compound B has two different B 
positions that bear protons. Therefore, if compound B 
undergoes an E2 elimination, there will be two possible 
regiochemical outcomes, so more than one alkene will be 
formed. 


ASNAN 


major 


(b) Given the location of the n bond, we consider the 
following two possible alkyl halides as potential starting 
materials. 


A x B 

Compound A has two ß positions, and those two 
positions are identical. Deprotonation at either location 
will result in the desired alkene. In contrast, compound 
B has two different B positions that bear protons. 
Therefore, if compound B undergoes an E2 elimination, 
there will be two possible regiochemical outcomes, so 
more than one alkene will be formed. 
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(c) Given the location of the m bond, we consider the 
following two possible alkyl halides as potential starting 


materials. 
X 
X 
A B 


Compound A has three ß positions, but only two of them 
bear protons, and those two positions are identical. 
Deprotonation at either location will result in the desired 
alkene. In contrast, compound B has two different B 
positions that bear protons. Therefore, if compound B 
undergoes an E2 elimination, there will be two possible 
regiochemical outcomes, so more than one alkene will be 
formed. 


(d) Given the location of the = bond, we consider the 
following two possible alkyl halides as potential starting 


materials. 
OS 


A B 


Compound A has only one ß position, giving rise to only 
one alkene. In contrast, compound B has more than one 
B position, giving rise to more than one alkene. 


7.66. Hydroxide is both a strong nucleophile and a 
strong base. The substrate is tertiary, so we expect an E2 
process only. In the transition state, the hydroxide ion is 
in the process of removing the proton, the double bond is 
in the process of forming, and the leaving group is in the 
process of leaving. We use dotted lines to indicate the 
bonds that are in the process of being formed or broken, 
and we use ô- symbols to indicate the distribution of 
charge. Note that the negative charge is in the process of 
being transferred from the oxygen atom to the chlorine 
atom, and the ô- symbols indicate that each location 
bears partial negative character in the transition state. 
Finally, brackets are drawn, together with the symbol 
that indicates that this is a transition state: 


7.70. 


HO------- H----G-H 
\ z 
Bea Cl 
CH3 


7.67. 

(a) The Zaitsev product is desired, so we must a use a 
base that is not sterically hindered. Sodium ethoxide is 
the correct choice, because potassium ftert-butoxide is a 
sterically hindered base. 

(b) The Hofmann product is desired, so a sterically 
hindered base should be used. The correct choice is 
potassium fert-butoxide. 


7.68. n bonds cannot be formed at the bridgehead of a 
bicyclic compound, unless one of the rings is large (at 
least eight carbon atoms). This rule is known as Bredt’s 
rule. 


Strong base 


-x> 


b fl 


This bond cannot 
be formed 


7.69. For substituted cyclohexanes, an E2 reaction will 
occur if the leaving group and the B proton can achieve 
antiperiplanarity. In order to achieve this, one must be 
on a wedge and the other must be on a dash. The leaving 
group (Br) is on a wedge. Therefore, we are looking for 
a B proton that is on a dash. In this case, there is only 
one such proton, highlighted below, so there is only one 
possible regiochemical outcome. In this case, the 
Hofmann product is formed regardless of the choice of 
base. 


(a) In acidic conditions, the OH group is protonated, which converts it from a bad leaving group to a good leaving 
group. In aqueous sulfuric acid, the acid that is present in solution is H30* (because of the leveling effect, as explained 
in Section 3.6), so we use H30* as the proton source in the first step of the mechanism. The next two steps of the 
mechanism constitute the core steps of an El process: (i) loss of a leaving group (H20), which requires one curved 
arrow, and (ii) proton transfer, which requires two curved arrows, as shown: 
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yp TE Oe H = 
.. \ / ® ZOS 
OH H oe -H0O Hl `H 
z WW 
H Y 
H 


(b) In acidic conditions, the OH group is protonated, which converts it from a bad leaving group to a good leaving 
group. In aqueous sulfuric acid, the acid that is present in solution is H3O* (because of the leveling effect, as explained 
in Section 3.6), so we use H3O* as the proton source in the first step of the mechanism. Loss of the leaving group gives 
a secondary carbocation that can undergo a methyl shift, giving a more stable, tertiary carbocation. Finally, water 


serves as the base that removes the proton to generate the product: 
ioral 
- H20 4 © P 
— 
sie p un 
Le 


| 
H 


(c) With a weak base (ethanol), the reaction must proceed via an El mechanism. The leaving group is iodide. Loss of 
the leaving group gives a tertiary carbocation that cannot rearrange to become more stable. Finally, ethanol serves as 
the base that removes the proton to generate the product. 


H 


(d) The reagent (ethoxide) is a strong base, and the substrate is tertiary, so the reaction must proceed via an E2 process. 
Three curved arrows are required. The tail of the first curved arrow is placed on a lone pair of the base (ethoxide) and 
the head is placed on the proton that is removed. The tail of the second curved arrow is placed on the C-H bond that is 
breaking, and the head shows formation of the m bond. The third curved arrow shows loss of the leaving group 
(iodide), as shown here. 


7.71. The substrate is an alcohol, so acidic conditions are employed so that the OH group can be protonated, rendering 
it a better leaving group. Then, loss of a leaving group generates a carbocation, which is then captured by a bromide 
ion to give the product. Notice that the mechanism is comprised of a proton transfer, followed by the two core steps of 
an Sn1 process (loss of a leaving group and nucleophilic attack). 


i 
(©) 

O <O Br 
SH - H20 a: 


racemic 


The chiral center is lost when the leaving group leaves to form a carbocation with trigonal planar geometry. The 
nucleophile can then attack either face of the planar carbocation, leading to a racemic mixture. 
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7.72. 

(a) The substrate is primary, so we will need to perform 
an Sn2 reaction. We must therefore use a strong 
nucleophile (hydroxide, rather than water). 


(b) The substrate is a primary alcohol, and the OH group 
is not a good leaving group. So we first convert the OH 
group into a better leaving by treating the alcohol with 
tosyl chloride and pyridine. Then, an Sn2 reaction can 
be performed (since the substrate is primary) with 
cyanide as the nucleophile, giving the desired product. 


1) TsCl, py 


EEE el 
oH 2) NaCN NN 


(c) The substrate is tertiary, so we will need to perform 
an Snl reaction. The nucleophile must be bromide, but 
we cannot simply treat the substrate with bromide, 
because hydroxide is not a good leaving group. The use 
of HBr will provide both the nucleophile (bromide) and 
the proton for converting the bad leaving group to a good 
leaving group (water). 


7.74. 


(d) The desired transformation involves inversion of 
configuration, so we must use an Sn2 process. As such, 
we want to use a strong nucleophile (HS ). 


Cl 


— NaSH 
— 


Since the substrate is secondary, the use of a polar 
aprotic solvent, such as DMSO, will be helpful. 


“mO 
L 


7.73. The first compound is a tertiary substrate. The 
second compound is a tertiary allylic substrate. The 
latter will undergo unimolecular solvolysis reactions 
more rapidly because a tertiary allylic carbocation is 
more highly stabilized than a tertiary carbocation 
(because of resonance, shown below). 


Br, © 
= Br 
SK 


(a) We begin by drawing a Newman projection, and we find that the front carbon atom bears the leaving group 
(bromide), while the back carbon atom bears two B protons, either of which can be removed. The following two 
Newman projections represent the two conformations in which a B proton is antiperiplanar to the leaving group. In the 
first Newman projection, the phenyl groups (highlighted) are anti to each other, so the transition state is not expected to 
exhibit a steric interaction between the phenyl groups. In contrast, the second Newman projection exhibits a gauche 
interaction between the two phenyl groups (highlighted), so the transition state is expected to exhibit a steric 
interaction. Therefore, trans-stilbene is formed at a faster rate than cis-stilbene (because formation of the latter 
involves a higher energy transition state). 


os 
We. 


observer ~~ © Ph H 
H Br rotate C-C bond H Br 
= HAS Miata ae we 
H ~ H H NT Ph 
Ph Ph 
| NaOEt [neon 
© ~ OVO 
trans-stilbene cis-stilbene 


(major product) 


www.MyEbookNiche.eCrater.com 


CHAPTER 7 217 


(b) The same argument, as seen in the solution to part (a) of this problem, can be applied again in this case. That is, 
there are still two B protons that can be abstracted in a B elimination, so both products are still possible, as shown 


below. 


—) 
T. 


observer 


7.75. Because of the bulky tert-butyl group, the trans 
isomer is essentially locked in a chair conformation in 
which the chlorine substituent occupies an equatorial 


H 
rotate C-C bond Br H 
— 
Ph H 
Ph 


Ph 
| NaOEt [neon 
~ 
trans-stilbene cis-stilbene 
(major product) 
Cl 
yw tBuOK 
ZN 
major 
4 7x + ATN 
minor minor 


position. 
2 4 
3 
a E PE 
"c 


This conformation cannot readily undergo an E2 reaction 
because the leaving group is not antiperiplanar to a 
proton. However, the cis isomer is locked in a chair 
conformation in which the chlorine occupies an axial 
position: 


Cl 
23 J, 
E 1 
Cl 


This conformation rapidly undergoes an E2 reaction. 


7.76. 

(a) The reagent is fert-butoxide, which is a strong, 
sterically hindered base. The substrate is secondary so 
we expect E2 processes to predominate (Sn2 is highly 
disfavored because of steric interactions). The major 
product is the less-substituted alkene. The more- 
substituted alkene can be formed as either of two 
stereoisomers (cis and trans), giving the following three 
products: 


(b) The reagent is hydroxide, which is both a strong 
base and a strong nucleophile. The substrate is primary, 
so we expect both E2 and Sn2 processes, although Sn2 
will be responsible for the major product, as shown here. 


NaOH 
ae a fe 


minor 


(c) The reagent is ethoxide, which is both a strong base 
and a strong nucleophile. The substrate is secondary so 
we expect both E2 and Sn2 processes, although E2 will 
be responsible for the major product. Accordingly, the 
major product is the more substituted alkene, with the 
trans configuration (because the reaction is 
stereoselective, favoring the trans isomer over the cis 
isomer). The minor products include the cis isomer, as 
well as the less-substituted alkene and the Sn2 product 
(which is formed via inversion of configuration): 
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Br 
ee NaOEt 
NY 
major 
OEt 
+ / \ + we H NZ 
minor minor minor 


(d) The reagent is ethoxide, which is both a strong base 
and a strong nucleophile. The substrate is tertiary, so we 
expect an E2 process. There are three B positions, but 
two of them are identical, so there are two possible 
regiochemical outcomes. Since the base is not sterically 
hindered, we expect that the more-substituted alkene will 
be the major product, as shown. The less-substituted 
alkene is the minor product. 


Br NaOEt 
WN + 


major 

(e) The reagent is ethoxide, which is both a strong base 
and a strong nucleophile. The substrate is secondary so 
we expect both E2 and Sn2 processes, although E2 will 
be responsible for the major product. In this case, there 
is only one ß position that bears protons, so there is only 
one possible regiochemical outcome. The trans isomer 
is expected to be the major product (because the reaction 
is stereoselective, favoring the trans isomer over the cis 
isomer). The minor products include the cis isomer, as 
well as the Sn2 product (which is formed via inversion of 
configuration): 


minor 


Br 
NaOEt 
EtOH 
WN 
major 
OEt 
ba 
+ + 
minor minor 


(£) The reagent is ethoxide, which is both a strong base 
and a strong nucleophile. The substrate is secondary so 
we expect both E2 and Sn2 processes, although E2 will 
be responsible for the major product. In this case, there 
is only one B position that bears a proton, 


so there is only one possible regiochemical outcome for 
the E2 process. 

Moreover, since there is only one p proton, the E2 
reaction is expected to be stereospecific. That is, only 
one particular stereoisomeric product will be obtained. 
To determine which product to expect, we must rotate 
the central C-C bond so that the B proton is anti- 
periplanar to the leaving group. We will do so in two 
stages. First, we rotate the central C—C bond in a manner 
that places the B proton in the plane of the page (rather 
than on a wedge): 


Rotate 
central bond 


Then, we rotate the central C-C bond again, in a manner 
that places the leaving group (Br) in the plane of the 


page: 
Br 


Rotate 


central bond 
————“qq““ 


A 


In this conformation, the proton and the leaving group 
are anti-periplanar. To draw the product, use the wedges 
and dashes as guides. In this case, the phenyl group and 
the ethyl group are both on wedges, so they will be cis to 
each other in the product: 


Br 


The minor product is formed via an Sn2 process (with 
inversion of configuration). 
In summary, the following products are expected: 


Br 
NaOEt 
EtOH 
OEt 
OU: OT 
7 E 
major minor 
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(g) The reagent is tert-butoxide, which is both a strong 
base and a strong nucleophile. The substrate is tertiary 
so we expect only E2 (no Sn2). The substrate has three B 
positions that bear protons, but two of them are identical, 
giving rise to two possible regiochemical outcomes for 
the E2 process. Since the base (tert-butoxide) is 
sterically hindered, we expect that the major product will 
be the less-substituted alkene, and the minor product will 
be the more-substituted alkene. The latter is formed as a 
mixture of cis and trans stereoisomers, giving a total of 
three products, shown here: 


Br 
X t-BuOK 
— 
+ ee + ZA 


minor minor 


(h) The reagent is methoxide, which is both a strong base 
and a strong nucleophile. The substrate is tertiary so we 
expect only E2 (no Sn2). The substrate has three B 
positions that bear protons, but two of them are identical, 
giving rise to two possible regiochemical outcomes. 
Since the base (methoxide) is not sterically hindered, we 
expect that the major product will be the more- 
substituted alkene (specifically, the Æ isomer, because 
the process is stereoselective). The minor products 
include the Z isomer, as well as the less-substituted 


alkene: 
Br 
~ e Moe a 
2 Z 
major 
+ ge id ye 


minor minor 


(i) The reagent is hydroxide, which is both a strong base 
and a strong nucleophile. The substrate is secondary so 
we expect both E2 and Sn2 processes, although E2 will 
be responsible for the major product. Accordingly, the 
major product is the more substituted alkene, with the 
trans configuration (because the reaction is 
stereoselective, favoring the trans isomer over the cis 
isomer). The minor products include the cis isomer, as 
well as the less-substituted alkene and the Sn2 product 
(which is formed via inversion of configuration): 


Cl 
7 NaOH 
NZ I 
IN 
major 
OH 
tf Xe ee = pil 
minor minor minor 
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(j) Treatment of an alcohol with concentrated sulfuric 
acid gives an El process to afford an alkene (or a 
mixture of alkenes). In this case, there are two different 
B positions that bear protons, so there are two possible 
regiochemical outcomes. The more-substituted alkene is 
the major product, and the less-substituted alkene is a 
minor product. Another minor product can result if the 
initially formed secondary carbocation undergoes a 
rearrangement to give a tertiary carbocation, followed by 
deprotonation to give a disubstituted alkene, shown 
below: 


OH 
conc. H2504 


carl 
SS 
heat N air 


minor minor 
(k) The reagent is chloride, which functions as a 
nucleophile, so we expect a substitution reaction. The 
substrate is secondary and the solvent is polar aprotic, 
indicating an Sn2 process. As such, we expect inversion 
of configuration, as shown: 


oe 


7.77. 

(a) The reagent is HS’, which is a strong nucleophile, 
and the substrate is secondary, so we expect an Sn2 
process, with inversion of configuration: 


NaCl 


DMSO N NAc 


CI 


AL 


(b) The reagent is DBN, which is a strong base, so we 
expect an E2 process. There is only one ß position, so 
only one regiochemical outcome is possible. 


ath 
I 


NaSH 
— 


DBN 
By SZ 
(c) The reagent is hydroxide, which is both a strong base 
and a strong nucleophile. The substrate is tertiary, so we 
expect an E2 process. There are three B positions, but 
two of them are identical, so there are two possible 
regiochemical outcomes. The more-substituted alkene 
is the major product, as shown. 


(d) The reagent is water, which is both a weak base and 
a weak nucleophile. The substrate is tertiary, so we 
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expect El and Snl processes. One of the alkene 
products is trisubstituted, so we expect the E1 pathway to 
predominate. For the El pathway, two regiochemical 
outcomes are possible. The base is not sterically 
hindered, so the more-substituted alkene is the major 
product, as shown: 


Br 


H20 


— > 
heat 


(e) The reagent is fert-butoxide, which is a strong, 
sterically hindered base. The substrate is secondary so 
we expect E2 processes to predominate (Sn2 is highly 
disfavored because of steric interactions). There are two 
B positions bearing protons, so two regiochemical 
outcomes are possible. Since the base is sterically 
hindered, the major product is the less-substituted 


alkene: 
t-BuOK Cys 
neater 


(f) The reagent is methoxide, which is both a strong base 
and a strong nucleophile. The substrate is tertiary, so we 
expect an E2 process. There are three B positions, but 
two of them are identical, so there are two possible 
regiochemical outcomes. The more-substituted alkene 
is the major product, as shown. 


I 


Ae cdl Pon 
————_> 
MeOH A 


(g) The reagent is tert-butoxide, which is a strong, 
sterically hindered base. The substrate is tertiary, so we 
expect an E2 process. There are three B positions, but 
two of them are identical, so there are two possible 
regiochemical outcomes. Since the base is sterically 
hindered, we expect that the less-substituted alkene will 


be the major product, as shown. 
Do Den 
(a) A polar aprotic solvent is used, and the reaction 


7.78. 

occurs with inversion of configuration. These factors 
indicate an Sn2 process. 

In an Sn2 process, nucleophilic attack and loss of the 
leaving group occur in a concerted fashion (in one step), 
as shown below. 


CBr Conn 


t-BuOK 
— 


O 
zZ 


(b) Since the reaction is an Sn2 process, we expect a 
second-order rate equation that is linearly dependent on 
both the concentration of the substrate and the 
concentration of the nucleophile. 


NaCN 


(c) The rate of an Sn2 reaction is linearly dependent on 
the concentration of the nucleophile. As such, if the 
concentration of the nucleophile (cyanide) is doubled, 
the reaction rate is expected to double. 


(d) As seen in the solution to part (a) of this problem, 
the reaction occurs via an Sn2 process, which is 
comprised of one concerted step (in which the 
nucleophile attacks with simultaneous loss of the leaving 
group). As such, the energy diagram will have only one 
maximum (only one hump). 


> 
Reaction coordinate 


7.79. 

(a) The reagent (ethoxide) is a strong base, and the 
substrate is tertiary, so the reaction must proceed via an 
E2 process. Three curved arrows are required. The tail 
of the first curved arrow is placed on a lone pair of the 
base (ethoxide) and the head is placed on the proton that 
is removed. The tail of the second curved arrow is 
placed on the C-H bond that is breaking, and the head 
shows formation of the m bond. The third curved arrow 
shows loss of the leaving group (bromide), as shown 
here. 


2-Methyl-2-hexene 
2-Bromo-2-methylhexane 


(b) For an E2 process, the rate is dependent on the 
concentrations of the substrate and the base: 


Rate = k [substrate] [base] 


(c) The rate of an E2 reaction is linearly dependent on 
the concentration of the base. As such, if the 
concentration of base is doubled, the rate will be 
doubled. 

(d) The mechanism has one step, so the energy diagram 
must have only one maximum (only one hump). The 
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products are lower in energy than the reactants, because 
bromide is more stable than ethoxide. 


AN 


Free 
Energy 


Reaction Coordinate 


(e) In the transition state, the ethoxide ion is in the 
process of removing the proton, the double bond is in the 
process of forming, and the leaving group (bromide) is in 
the process of leaving. We use dotted lines to indicate 
the bonds that are in the process of being formed or 
broken, and we use ô- symbols to indicate the 
distribution of charge. Note that the negative charge is 
in the process of being transferred from the oxygen atom 
to the bromine atom, and the ô- symbols indicate that 
each location bears partial negative character in the 
transition state. Finally, brackets are drawn, together 
with the symbol that indicates that this is a transition 


state: 
& 
ra + 
H 
Eto > 
7.80. 


(a) The nucleophile is iodide and the solvent is a polar 
aprotic solvent (DMF), indicating an Sn2 reaction. The 
substrate (which is primary) has an electrophilic center 
shown here. 


il electrophilic 
leaving center 
group 


Iodide attacks this electrophilic center in an SN2 process, 
ejecting the leaving group (highlighted above), as shown 
here: 
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oO O 
e< Eae L 


(b) This reaction occurs via an Sn2 process. As such, the 
rate of the reaction is highly sensitive to the nature of the 
substrate. The reaction will be faster in this case, 
because the methyl ester is less sterically hindered than 
the ethyl ester. 


O O 


Z eS 
Y\CH3 (Ï: Ə 
o om O + H3C—I 


7.81. A strong base will remove the most acidic proton 
in the starting alcohol (the proton of the OH group), 
giving an anion that contains both a nucleophilic center 
and an electrophilic center, allowing for an 
intramolecular Sn2-type process (bromide is ejected as a 
leaving group), as shown here. 


E] mo or 
or SH Base CY -Br® W 
—> a —_> (e) 

“Br /"Br 


lv 


7.82. Iodide is a much stronger nucleophile than ethanol, 
so we expect the former to attack butyl bromide (a 
primary substrate) in an Sn2 reaction to give butyl 


iodide. 


AN Ne SN 


As a result of this initial rapid reaction, the concentration 
of iodide quickly decreases. Then, the slow rise in 
concentration of iodide indicates that another nucleophile 
is slowly ejecting the iodide ions. Indeed, there is a 
weak nucleophile present (ethanol). In the presence of 
ethanol, a slow Sn2 process can occur in which butyl 
iodide functions as the substrate (iodide is an excellent 
leaving group) and ethanol functions as the nucleophile. 
The resulting oxonium ion is then deprotonated (by 
ethanol, this time functioning as a base), giving the 
product shown below, which is an ether. 


Product 
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7.83. 

Primary substrates generally do not readily undergo Sn1 
reactions, because primary carbocations are too high in 
energy to form at an appreciable rate. However, in this 
case, loss of the leaving group generates a resonance- 
stabilized cation. Because this intermediate is stabilized, 
it can form at an appreciable rate, allowing an Snl 


7.84. 

Iodide is a very strong nucleophile (because it is highly 
polarizable), and it is also an excellent leaving group 
(because it is a very weak base). As such, iodide will 
function as a nucleophile to displace the chloride ion. 
Once installed, the iodide group is a better leaving group 
than chloride, thereby increasing the rate of the reaction. 


process to successfully compete, despite the fact that the 


substrate is primary. Pi Pit Nal 
Cl 


© 
p o aaa ae ree 
oo 0g o~ 

® 


Resonance stabilized 


AS 7 cn 


/ OCN 


"e a -™ 71 


7.85. The conditions (no strong nucleophile or strong base; polar protic solvent) favor unimolecular processes (E1 and 
Sn1), so we must explain the formation of the products with those mechanisms. 

Formation of the first product can be explained with the following Sn1 mechanism, in which the first step is loss of the 
leaving group to generate a resonance-stabilized cation (resonance structures are not shown here). This carbocation is 
then captured by ethanol, which functions as a nucleophile; and the resulting oxonium ion is then deprotonated by 


another molecule of ethanol, which functions as a base: 
(©) 
GBr @07H OEt 


Et vY 
Formation of the second product can be explained via a similar mechanism (also Sn1). The first step is loss of the 
leaving group to generate a resonance-stabilized cation (this time, the resonance structures are drawn). This 
carbocation is then captured by ethanol (which functions as a nucleophile), and the resulting oxonium ion is then 
deprotonated by another molecule of ethanol (which functions as a base): 


Bf 


OEt 


Finally, the third product is formed via an El process. In the first step of the mechanism, loss of the leaving group 
generates a resonance-stabilized cation. Then, in the second (and final) step, ethanol functions as a base and removes a 


proton, giving the product. 


HT ON 


-Br o3 _. es EtOH 
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7.86. In this target molecule, the only bond we know how to make (based on reactions covered thus far) is the one 
next to the cyano group. 


H H 
| | © 
F Ç-$-CN —> F C—Br + ICEN: 
H H Good nucleophile 


Good electrophile for Sy2 
(primary benzylic substrate) 


Cyanide is a good nucleophile, and a primary substrate is ideal for an Sn2 process, so these starting materials would 
lead to a good synthesis of 4-fluorophenylacetonitrile. The forward synthesis is shown here. 


H H 
: NaCN = 
C—Br => F C—CN 
I \ i 
H H 


7.87. When comparing the starting compound to the target molecule, we note that the ester group is new, and the 
configuration of the adjacent chiral center has been inverted. The latter observation indicates that an Sn2 process must 
be involved. So our retrosynthesis should focus on disconnection of the following bond: 


eae! 


We need a substrate with the opposite configuration (the leaving group should be on a wedge, rather than a dash), as 


Oi = Om. 


Substrate (electrophile) Good nucleophile 


This substrate must be made from the starting alcohol: 


>O = Om 


The best way to convert the OH group into a leaving group and retain its stereochemistry is with the use of tosyl 
chloride to make the tosylate. This tosylate can then function as the substrate in an Sn2 reaction. The forward 
synthesis is shown here: 


Se aot FR Deron SO So 


The use of a secondary substrate (for the Sn2 process) is reasonable in this case, since the nucleophile involved is not a 
strong base (the resonance-stabilized carboxylate anion is the conjugate base of a relatively acidic carboxylic acid), so 
there is little competition with E2. Backside attack of the nucleophile results in inversion of stereochemistry to give the 
desired target molecule. 


7.88. Disconnection of bond a is a logical retrosynthesis that leads to a familiar nucleophile (an alkoxide ion) and a 
methyl substrate (ideal for Sn2): 


a Th 4 
A oi of + I—CH3 


Good nucleophile Good electrophile for Sy2 
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Note that methyl iodide is chosen, rather than methyl bromide or methyl chloride, because methyl iodide is a liquid at 
room temperature (while methyl bromide and methyl chloride are gases at room temperature, making them more 
difficult to work with). The forward synthesis is shown here: 


—__> 
of Sn OCHs 


A similar disconnection of bond b reveals that a tertiary substrate would be required, and we have seen that Sn2 
processes do not occur with tertiary substrates. 


Tertiary alkyl halide Good nucleophile 
(cannot function as a 
substrate for Sy2) 


An Sn2 process won’t work here. Instead, the alkoxide ion is expected to function as a base, giving E2 products. This 
issue can be overcome if we employ an Sn! process instead, by using a weak nucleophile (an alcohol). 


Aeon, = AN 
g O— CH Br + HO—CH3 


Tertiary substrate Weak nucleophile 
(Sn1 favorable) 


This Sn1 process would involve a tertiary carbocation (which would not rearrange), so it is expected to afford the target 


molecule, as shown: 
CH30H 
A am ~X< 
Br Sy1 OCH; 


However, this process (solvolysis) is likely to produce competing E1 products, as well: 


ros — po on AA aad 


Sy1 product 


E1 products 


Since one of the El products is a trisubstituted alkene, we might even expect for that E1 product to predominate. As 
such, this synthesis would not be efficient, because it may not provide the desired Sn1 product as the major product. 

In summary, our retrosynthetic analysis has uncovered two possible synthetic routes: an Sn2 process and an 
Snl process. The Sn2 process is expected to be more efficient: 


ee 

Ə 
O Sn2 OCH3 
7.89. 


(a) The first reaction (with TsCl and pyridine) transforms the OH group into a good leaving group (a tosylate) that 
undergoes an Sn2 reaction with sodium iodide. The net result of these two steps is the conversion of an alcohol to an 
alkyl iodide. 


TsCl 


OMe OMe Nal OMe 
oH Pyridine OTs  Sp2 I 
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In the final step of the process, the primary alkyl iodide is then treated with triphenylphosphine (PPh3), which functions 
as a nucleophile, giving another Sn2 reaction, to afford a phosphonium salt. 


PL 
OMe Ph~ by Ph OMe 
— > 
T heat T eA F 
G Sy2 PPh 


Ph 


The factors favoring this step are the leaving group and the nucleophile. Let’s explore each separately. The leaving 
group is one of the best leaving groups that could be used (because HI is one of the strongest acids, pKa = -10). The 
nucleophile is PPh3. Why is it such a powerful nucleophile? Phosphorus is in the same column of the periodic table as 
nitrogen (5A), but it is in the third row, rather than the second row. As such, phosphorus is larger and more polarizable 
than nitrogen, and therefore more strongly nucleophilic. This argument is similar to the argument we saw in the text 
when we compared sulfur and oxygen. Recall that sulfur is larger and more polarizable than oxygen, and therefore, 
sulfur is very strongly nucleophilic (even if it lacks a negative charge). Similarly, PPhs is a powerful nucleophile, even 
though it lacks a negative charge. 


(b) In the second step, one leaving group (tosylate) is replaced with another (iodide). Iodide is a better leaving group 
than tosylate, which renders step 3 more favorable. 


7.90. 
(a) The proton connected to the oxygen atom is the most acidic proton in compound 1, so it is removed upon treatment 
with a strong base. 

-0 


O: 
PHs7 A. n fe) 
+ :OH + a `H 


1 2 


We can justify that hydroxide is a suitable base to achieve the conversion of 1 to 2, with either a qualitative argument 
(based on structural comparisons) or with a quantitative argument (based on pKa values). Let’s start with the 
qualitative argument. Compare the structures of the anions on either side of the reaction. 


The negative charge in a hydroxide ion is localized on one oxygen atom, while the negative charge in the other anion is 
delocalized over one oxygen atom and five carbon atoms. As such, we expect the latter anion to be more stabilized (via 
resonance delocalization). 


The equilibrium will favor formation of the more stable anion. That is, hydroxide is a sufficiently strong base, because 
it is stronger (less stable) than anion 2. 

Alternatively, we can use a quantitative argument to justify why hydroxide is an appropriate base to use in 
this case. Specifically, we compare the pKa values of the acids on either side of the equilibrium. 
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We know that the pKa of water is 15.7, but we need a way to assess the pKa of compound 1. When we 
explore Table 3.1, we see that phenol is similar in structure, and has a pKa of 9.9. 


ao O” 


2-naphthol phenol 


We expect the pKa of compound 1 (2-naphthol) to be more similar to the pKa of phenol (than to the pKa of water). 
Therefore, we expect the pKa of compound 1 to be lower than the pKa of water, and the equilibrium will favor 
formation of the weaker acid. 


nO 
O 0: 
coe à DO A 
+ :0H = + H `ä 
pKa = 15.7 
1 2 
pK, ~10 


As such, hydroxide is a suitable base to favor deprotonation of compound 1. 


(b) Anion 2 functions as a nucleophile and attacks butyl iodide in an Sn2 reaction, giving compound 3. 


2 3 


7.91. 

(a) The substrate is tertiary, so we expect the reaction to proceed exclusively through an Sn1 pathway (steric crowding 
prevents Sn2 from competing). The first step involves loss of a bromide to give a carbocation, which is then captured 
by the nucleophile to produce an oxonium ion. Deprotonation of the oxonium ion gives the product, 2b. 


Ph “O; `O: 
Ph A i Bre pi H7 SCH, Ph Pe H” SCH; Ph ae 
Ph Ph H Ph 
1 2b 


(b) When bromide leaves, the resulting carbocation is benzylic to three different aromatic rings. As such, it is highly 
stabilized because the positive charge is delocalized over 10 carbon atoms via resonance (as shown). Since this 
intermediate is so stabilized (low in energy), we can infer that the transition state for formation of the carbocation will 
also be very low in energy (because any developing charge in the transition state is stabilized by resonance, just as seen 
in the intermediate carbocation). Since the transition state is low in energy, formation of the carbocation (which is the 
rate-determining step) will occur very rapidly. 
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(a) The trisubstituted m bond has the E configuration. 
The higher priority groups (highlighted below) are on 
opposite sides (£). 
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(b) There are 10 chiral centers (indicated below, each of 
which can be R or S), and there are three C=C n bonds 
(each of which can be E or Z). Thus, the number of 
possible stereoisomers should be 2!3 = 8192. 
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(c) The enantiomer of pladienolide B has the opposite 
configuration at each and every chiral center, but the 
configuration of each C=C n bond remains the same as 
in pladienolide B. 


(d) There are two ester groups (highlighted below) in 
pladienolide B. The following diastereomer is the result 
of inverting the configuration of the two chiral centers 
adjacent to the ester groups. 


(e) The disubstituted a bond has the E£ configuration. 
The following is a diastereomer in which the 
disubstituted z bond has the Z configuration. 


7.93 

(a) If compound 3 was properly dried, then it could be 
distinguished from compound 1 with IR spectroscopy. 
Specifically, compound 1 has an O-H bond, so we expect 
a broad signal in the range 3200-3600 cm'!, while 
compound 3 lacks such a bond, so its IR spectrum should 
lack a signal in the same range. 


[o—H) Seen 
1 3 


In this way, we can verify whether the reaction has gone 
to completion, by looking for a signal in the range 3200- 
3600 cm! in the IR spectrum of the product. The 
absence of this signal verifies completion of the reaction. 
Since we are looking for the absence of an OH stretching 
signal, it is essential that the product is dried. Otherwise, 
the water molecules would give a signal exactly in the 
region of interest (because water has O-H bonds). This 
would prevent from us from being able to determine 
whether the reaction had gone to completion. 


(b) The conversion of 1 to 2a involves introduction of an 
OH group, which should produce a broad, easily 
detectable signal in the range 3200-3600 cm!. 
Therefore, by taking an IR spectrum of the product, we 
can verify formation of 2a by looking for a broad signal 
in the range 3200-3600 cm'!. In contrast, 2b and 2¢ do 
not have an OH group. As such, it will be difficult to 
distinguish the diagnostic regions of the IR spectra of 
compounds 1, 2b, and 2c. The utility of IR in 
spectroscopy in these cases must rely on analysis of the 
fingerprint region (C-Br stretch vs. C-O stretch), 
although fingerprint regions are often more difficult to 
interpret (except in the hands of a trained expert). 
Therefore, IR spectroscopy is not the best tool for 
verifying the conversion of 1 to either 2b or 2e. NMR 
spectroscopy would be a better tool for confirming 
completion of those reactions. 


7.94. Compound 2 is the nucleophile in this Sn2 
reaction. To see why, recall from Chapter 1 that a C-Li 
bond can be viewed as an ionic bond, in which the 
carbon atom has a lone pair and negative charge. 


Li ui? 


o 
JosJ sme = -a SiMe 


This compound is indeed a very strong nucleophile, and 
it attacks the alkyl halide in an Sn2 process, as shown 
here: 


SiMe; 
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7.95. As described in the problem statement, dioxane can function as a nucleophile and attack 2-octyl sulfonate in an 
Sn2 reaction, to form an inverted intermediate that can then undergo another Sn2 reaction with water. The product is 2- 
octanol with an overall retention of stereochemistry, due to two successive Sn2 steps taking place. 


O 
pa a. 
SY © Oo ss H.@_LH 
čo oO N / 7% 4 JOL T O 
Po ET > AIEN ANSA 7 A 
(an oxonium ion) 
H 208 H 


OH 


Since this process increases in frequency as the concentration of dioxane increases, the optical purity of the resulting 2- 
octanol decreases as dioxane’s concentration 1s increased. 


7.96. 

(a) Compound 2 functions as a nucleophile, which means that the lone pair on the carbon atom will attack the 
substrate. Based on the structure of the product, we can deduce that the oxygen atom (next to the tert-butyl group) is 
attacked by the nucleophile. The leaving group is a resonance-stabilized anion (an acetate ion). 


2 O 
va Mgcl Doo : 


Leaving group 


(b) The reverse process would involve an acetate ion functioning as a nucleophile and the expulsion of 2 as a leaving 
group. That is extremely unlikely to occur, because 2 is not a good leaving group. It is a very strong base, because its 
conjugate acid is an alkane, which is an extremely weak acid (compare pKa values of alkanes with other organic 
compounds). Since 2 is not a weak base, it cannot function as a leaving group. And as a result, the reaction is 
irreversible. 


(c) Since an alkoxide group (RO ) cannot function as a leaving group, it must be protonated first, in either pathway. 
The Sn2 pathway involves a simultaneous nucleophilic attack and loss of a leaving group. This step is then followed 
by deprotonation to give the product. As expected for an Sn2 process, the nucleophilic attack occurs at the secondary 
position, rather than the sterically crowded tertiary position. 


H 
(ete H ae aT 

l. WH eh H7 `H <b. HOCH 
Dat ee E, 
HO 

KK 


The Snl pathway also begins with protonation of the oxygen atom to produce a better leaving group. But in this 
pathway, the leaving group first leaves to generate a carbocation, and only then does the nucleophile attack. As 
expected for an Snl process, loss of the leaving group generates a tertiary carbocation, rather than a secondary 
carbocation. In this case, the leaving group is the product (cyclopropanol). 


OH 


Z 
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Dt vx — ACO 


se H 
on OU A / 

HO H~ `H H—O: 
X pe 
(d) As seen in both the Sn1 and Sn2 pathways, the by-product is tert-butanol. 


X 
7.97. 


(a) The proposed mechanism is a concerted process that very closely resembles an E2 process. As such, we would 
expect this process to occur when the two bromine atoms are anti-periplanar to one another, as shown in the problem 
statement. If we perform the same reaction with a diastereomer of 1, we would expect a Z-alkene: 


“o` 
GO tr QO 
wy Lavi | 
fon — — 
(DMF) 


A diastereomer of 1 Z-alkene 


But none of the Z-alkene is formed. The £ isomer is obtained exclusively, which means that the preference for the E- 
isomer is not dependent on the configuration of the starting dibromide. The £-alkene is obtained either from 1 or from 
a diastereomer of 1. As such, the reaction does not appear to have a requirement for anfti-periplanarity. This is 
evidence against a concerted mechanism. 


(b) The reaction is not considered to be stereospecific, because the preference for the E isomer is not dependent on the 
configuration of the starting dibromide. The reaction is stereoselective, because one configuration of the alkene 
product (the E isomer) is favored over the other. 


7.98. 
In the first reaction, the OH group is converted into a better leaving group. Notice that the configuration of the center 
bearing the OH group does NOT change in the process (it remains a dash): 


O O 
Q Tsc © 
ET E 
f pyridine l 
x "OH x “OTs 
CO2CH5 CO2CH3 


Then, the second reaction employs DBU which is a strong base that generally does not function as a nucleophile. We 
therefore expect an E2 elimination process to occur. During an E2 process, the base removes a proton that is 
antiperiplanar to the leaving group. There are two B positions, each of which has one proton, but only one of these 
protons is anti-periplanar to the leaving group: 
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NOT antiperiplanar to LG 


Antiperiplanar to LG 


“OTs H&m NOT antiperiplanar to LG 
CO2CH3 


Antiperiplanar to LG 


Therefore, we expect the following E2 product: 


oh, = O 


ČO2CH; CO2CH3 


7.99. The substrate is primary and the reagent is a strong nucleophile, so this substitution reaction must occur via an 
Sn2 pathway. Sn2 reactions are bimolecular processes, so statement (a) is true. In an Sn2 process, the rate is linearly 
dependent on the concentration of the nucleophile, so statement (b) is also true. Polar aprotic solvents enhance the rate 
of Sn2 processes, so statement (c) is also true. Therefore, statement (d) must be false, and indeed, it is false. Sn2 
reactions do not proceed via carbocation intermediates. Carbocation intermediates are involved in Snl reactions, but 
the alkyl halide is primary in this case, and a primary carbocation is too unstable to form. 


7.100. The reagent is both a strong base and a strong nucleophile. With a secondary substrate, the E2 product is 
favored over the Sn2 product. This rules out option (a). Since the base is not sterically hindered, we expect the Zaitsev 
product. That is, we expect a disubstituted alkene, rather than a monosubstituted alkene, so we can rule out option (b). 
Options (c) and (d) are cis/trans stereoisomers. Since the E2 process is stereoselective, we expect the trans isomer to 
predominate, so option (d) is the correct answer. 


7.101. Option (a) involves a primary substrate being treated with hydroxide (which is both a strong nucleophile and a 
strong base). Under these conditions, the Sn2 product is expected to predominate over the E2 product. Option (b) 
would give the more substituted alkene (trans-2-butene) as the major product, not 1-butene. Option (d) would also give 
the more substituted alkene (trans-2-butene) as the major product. Only option (c) will give 1-butene. 


7.102. Compound 1 exhibits a mesylate group (OSO2CHs) as a good leaving group (described in Section 7.12). Upon 
its formation, compound 1 undergoes an intramolecular Sn2-type reaction, in which the nitrogen atom functions as the 
nucleophile. This results in the formation of a three-membered nitrogen-containing ring fused to a six-membered ring 
(3). Notice the stereochemistry: the nitrogen atom displaced the mesylate from the back face of the molecule, resulting 
in inversion at the original chiral center. Next, an intermolecular Sn2 reaction occurs: the chloride ion attacks the three- 
membered ring at the least hindered site, resulting in the formation of the product (2). Notice that the configuration of 
the chiral center (that underwent inversion in the first Sn2-type reaction) does not change during this second Sn2 
reaction (in this step, chloride attacks a carbon atom that is not a chiral center). 
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7.103. 

(a) Table 7.1 indicates that bromide is expected to be a 
better leaving group than chloride, because bromide is a 
more stable base (HBr is a stronger acid than HCl). This 
is supported by the hydrolysis data, when we compare 
the rate of hydrolysis for PhCHCl2 and PhCHBrCl. 


Cl Cl 
(©) 
ot Co 
Hydrolysis 
product 
Cl Cl 
9 
(Br -Br on © Ho 


In both cases, the first step involves loss of a leaving 
group, and in both cases, the intermediate carbocation is 
the same. The only difference between these two 
reactions is the identity of the leaving group. According 
to the data provided, hydrolysis occurs more rapidly 
when the leaving group is bromide (k = 31.1 x104 /min) 
rather than chloride (k = 2.21 x10* /min). This is 
consistent with the expectation that bromide is a better 
leaving group than chloride. 

(b) If we compare the rates of hydrolysis for PhCH2C1 
and PhCHCl, we find that the presence of a chloro 
group (attached to C+) causes an increased rate of 
hydrolysis. A similar trend is observed if we compare 
PhCHCIz and PhCCl;. Therefore, we can conclude that a 
chloro group will stabilize a carbocation (if the chloro 
group is attached directly to C+ of the carbocation). This 
stabilizing effect is unlikely to be caused by induction, 
because we expect the chloro group to be electron- 
withdrawing via induction, which would destabilize the 


carbocation (rather than stabilize it). Instead, the effect 
must be explained with resonance, which overwhelms 
the inductive effect. Specifically, the presence of a 
chloro group stabilizes the carbocation intermediate by 
spreading the charge via resonance. 


ack :Cl: 


(c) If we compare the rates of hydrolysis for PhCHBr2 
and PhCBrs, we find that the presence of a bromo group 
(attached to C+) causes an increased rate of hydrolysis. 
This is likely explained as a resonance effect, just as we 
saw in part (b). 


(d) Compare hydrolysis of PhCHBrCl with hydrolysis of 
PhCHBrz. In both cases, the identity of the leaving group 
is the same (bromide). But the resulting carbocations are 
different. 


:Cl ‘ : Br: 


Comparing the rates of hydrolysis indicates that an 
adjacent chloro group more effectively stabilizes a 
carbocation than an adjacent bromo group. 

(e) Comparison of PhCHCl: versus PhCHBr suggests 
that the better leaving group ability of the bromide ion is 
more important than the greater carbocation stability 
afforded by the chlorine atom via resonance. 


7.104. The sulfur atom provides anchimeric assistance via an intramolecular nucleophilic Sn2-type reaction. That is, a 
lone pair on the sulfur atom functions as a nucleophile, ejecting the leaving group (causing the liberation of SO2 gas, as 
described in the problem statement) to form an intermediate with a positively charged sulfur atom. This intermediate is 
then attacked by a chloride ion to give 3. Each of these two steps proceeds with inversion of configuration, as 


expected, which gives a net overall retention of configuration. 
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7.105. 

(a) When compound 1a is treated with TsCl and pyridine, the OH group is converted to OTs (a better leaving group). 
Then sodium acetate functions as a base and removes a proton to give alkene 2a. Notice that the axial proton 
(highlighted) is removed, since that proton is antiperiplanar with the leaving group. The equatorial proton is not 
antiperiplanar with the leaving group. 


ask 


yah 


CH3 


TsCl 
pyridine 


(b) We know that the axial proton (or deuteron) is removed in the elimination step. In compound 1b, the axial position 
is occupied by a deuteron, so the deuteron is removed, and the product (2b) will not have a deuteron (and thus, 2b is the 
same as 2a). In compound Ie, the axial position is occupied by a proton, which is removed during the elimination step. 
The deuteron in Ic is in an equatorial position, so it survives the reaction. Compound 2c will be deuterated, as seen 
below: 


CH; 


vat 
vat 


CH3 


HC H HC. D 


O~ 


7.106. 

(a) In order to compare the strength of these four bases, we can compare the pKa values of their conjugate acids (see 
the pKa table on the inside cover of the textbook). Benzoic acid (pKa = 4.8) is more acidic than phenol (pKa = 9.9), 
which is in turn more acidic than trifluoroethanol (pKa = 12.5), which is more acidic than ethanol (pKa = 16.0): 


o 
OH 
OH 
Fac ~OH DoH 


pKa = 4.8 pKa = 9.9 pKa = 12.5 pKa = 16.0 


Therefore, basicity is expected to increase in the order that the bases were presented. That is, potassium benzoate is the 
weakest base (among the four bases listed), while ethoxide is the strongest base in the group. 

The data indicates that the percentage of 1-butene increases as the basicity of the base increases. This observation can 
also be stated in the following way: the preference for formation of the more-substituted alkene (2-butene) decreases as 
the base strength increases. A stronger base is a more reactive base. So we see that there is an inverse relationship 
between reactivity and selectivity. Specifically, a more-reactive reagent results in lower selectivity, while a less- 
reactive reagent results in higher selectivity. This is a trend that we will encounter several times throughout the 
remaining chapters of the textbook, so it would be wise to remember this trend. 


(b) Based on the pKa value of 4-nitrophenol, we can conclude that it is more acidic than phenol, but not quite as acidic 
as benzoic acid. Based on our answer for part (a), we would expect that the conjugate base of 4-nitrophenol will be a 
stronger base than potassium benzoate, but a weaker base than potassium phenoxide. As such, we expect the 
selectivity to be somewhere in between the selectivity of potassium benzoate and potassium phenoxide. So we would 
expect that the percentage of 1-butene should be somewhere between 7.2% and 11.4%. 
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Chapter 8 
Addition Reactions of Alkenes 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 


Chapter 8. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 


Vocabulary. 
e Addition reactions are thermodynamically favorable at temperature and disfavored at 
temperature. 


e Hydrohalogenation reactions are regioselective, because the halogen is generally installed at the 


substituted position, called addition. 


e In the presence of 


, addition of HBr proceeds via an anti-Markovnikov addition. 


e The regioselectivity of an ionic addition reaction is determined by the preference for the reaction 


to proceed through 
e Acid-catalyzed hydration is inefficient when 
Dilute acid favors formation of the 


are possible. 
, while concentrated acid favors the 


e Oxymercuration-demercuration achieves hydration of an alkene without 


across an alkene. The reaction is stereospecific and proceeds via a addition. 

e Asymmetric hydrogenation can be achieved with a catalyst. 

e Bromination proceeds through a bridged intermediate, called a 
is opened by an Sy2 process that produces an addition. 

e A two-step procedure for anti dihydroxylation involves conversion of an alkene to an 


followed by acid-catalyzed ring opening. 


Ozonolysis can be used to cleave a double bond and produce two groups. 
The position of a leaving group can be changed via followed by 
e The position of a n bond can be changed via followed by 


can be used to achieve an anti-Markovnikov addition of water 


, which 


Review of Skills 


Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 


the end of Chapter 8. The answers appear in the section entitled SkillBuilder Review. 


8.1 Drawing a Mechanism for Hydrohalogenation 


STEP 1 - DRAW TWO CURVED ARROWS SHOWING 
PROTONATION OF THE ALKENE, AND DRAW THE 
CARBOCATION THAT IS PREFERENTIALLY FORMED. 


H—X 


| . 
+ X 


STEP 2 - DRAW ONE CURVED ARROW THAT SHOWS THE 
HALIDE ION ATTACKING THE CARBOCATION, AND DRAW 


THE PRODUCT. 


n mn 
< 


8.2 Drawing a Mechanism for Hydrohalogenation with a Carbocation Rearrangement 


STEP 1- DRAW TWO CURVED ARROWS 
SHOWING PROTONATION OF THE 
ALKENE AND DRAW THE CARBOCATION 
THAT IS INITIALLY FORMED. 


~~ 4 


H—Cl 


STEP 2 - DRAW ONE CURVED ARROW 
SHOWING A CARBOCATION 
REARRANGEMENT AND DRAW THE 
RESULTING, MORE STABLE CARBOCATION. 


STEP 3 - DRAW ONE CURVED ARROW 
SHOWING THE HALIDE ION 
ATTACKING THE CARBOCATION, AND 
DRAW THE PRODUCT. 
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8.3 Drawing a Mechanism for an Acid-Catalyzed Hydration 


CHAPTER 8 


STEP 1- DRAW TWO CURVED ARROWS 
SHOWING PROTONATION OF THE 
ALKENE, AND DRAW THE RESULTING 
CARBOCATION. 


STEP 2 - DRAW ONE CURVED ARROW 
SHOWING WATER ATTACKING THE 
CARBOCATION, AND DRAW THE 
RESULTING OXONIUM ION. 


STEP 3 - DRAW TWO CURVED ARROWS 
SHOWING DEPROTONATION OF THE 
OXONIUM ION, AND DRAW THE 
RESULTING PRODUCT. 


ji 
® a ee 
fe) ZO; | Bald 
= | | a = 


8.4 Predicting the Products of Hydroboration-Oxidation 


DRAW THE EXPECTED PRODUCTS OF THE FOLLOWING REACTION SEQUENCE, 
AND DETERMINE THEIR RELATIONSHIP 


1) BH3- THF 


— ye + 


2) H205, NaOH 


RELATIONSHIP = 


8.5 Predicting the Products of Catalytic Hydrogenation 


DRAW THE EXPECTED PRODUCTS OF THE FOLLOWING REACTION, AND DETERMINE THEIR RELATIONSHIP. 


OE 


RELATIONSHIP = 


8.6 Predicting the Products of Halohydrin Formation 


DRAW THE EXPECTED PRODUCTS OF THE FOLLOWING REACTION, AND DETERMINE THEIR RELATIONSHIP. 


R fe} 


RELATIONSHIP = 


8.7 Drawing the Products of Anti Dihydroxylation 


DRAW THE EXPECTED PRODUCTS OF THE FOLLOWING REACTION, AND DETERMINE THEIR RELATIONSHIP. 


H 1) RCO3H 
= 2) H30* + 


RELATIONSHIP = 
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8.8 Predicting the Products of Ozonolysis 


DRAW THE EXPECTED PRODUCTS OF THE 
FOLLOWING REACTION. 


1)O0 
4 _ ) O3 - x 


2) DMS 


8.9 Predicting the Products of an Addition Reaction 


DRAW THE EXPECTED PRODUCTS OF THE 
FOLLOWING REACTION. 


1) BH3- THF 
oo + 


2) H202, NaOH 


8.10 Proposing a One-Step Synthesis 


IDENTIFY REAGENTS THAT WILL ACHIEVE THE FOLLOWING TRANSFORMATION: 
[ ig [ l | a 
7 


8.11 Changing the Position of a Leaving Group 


IDENTIFY REAGENTS THAT WILL ACHIEVE THE FOLLOWING TRANSFORMATION: 


8.12 Changing the Position of a n Bond 


IDENTIFY REAGENTS THAT WILL ACHIEVE THE FOLLOWING TRANSFORMATION: 


T 
E oO 
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Review of Reactions 

Identify the reagents necessary to achieve each of the following transformations. To verify that your 
answers are correct, look in your textbook at the end of Chapter 8. The answers appear in the section 
entitled Review of Reactions. 


Common Mistakes to Avoid 


This chapter introduces several stereospecific addition reactions. Some of them occur exclusively via a syn 
addition (such as hydrogenation or hydroboration-oxidation), while others occur exclusively via an anti 
addition (such as bromination or halohydrin formation). When drawing the products of a stereoscpecific 
addition reaction, be careful to avoid drawing a wedge or a dash on a location that is not a chiral center. 
For example, consider the following syn dihydroxylation. In such a case, it is tempting for students to draw 
the products as if they have two chiral centers, like this: 


z OH OH 
1 ) OsO4 a N 
> < ŽL „oH + N OH 
2) NaHSO3, HzO i N 


Don't Don't 
draw it like this draw it like this 


This mistake is understandable — after all, the two OH groups are indeed added in a syn fashion. But the 
product does not contain two chiral centers. It has only one chiral center. As such, the products should be 


drawn like this: 
2 H OH 
1) OsO, a S 
SÁL oh E l al 
2) NaHSO3, H20 


Notice that the stereochemical requirement for syn addition is not relevant in this case, because only one 
chiral center is formed. As such, both enantiomers are produced, because syn addition can occur on either 
face of the alkene to give either enantiomer. 
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Useful reagents 


CHAPTER 8 


The following is a list of commonly encountered reagents for addition reactions: 


Reagents Name of Reaction Description 
: Treatment with an alkene gives a Markovnikov addition 
HX Hyarohalogenaion of H and X across the alkene. 
Less Treatment with an alkene gives an anti-Markovnikov 
HEE SOUR elon addition of H and Br across the alkene. 
‘ : Treatment with an alkene gives a Markovnikov addition 
E 
WO Acal Hydrakion. | 5 rr and OF across ihe alkene: 
. Treatment with an alkene gives a Markovnikov addition 
1) Hg(OAc)2, H20 Z . 
EOE a ge eater of H and OH across the alkene, without any carbocation 
2) NaBHa eee rearrangements. 
: Treatment with an alkene gives an anti-Markovnikov 
1) BH; * THF - 
Ben Eo i addition of H and OH across the alkene. The reaction 
2) H202, NaOH 2 2 proceeds exclusively via a syn addition. 
; Treatment with an alkene gives a syn addition of H and 
MPs Hydraena H across the alkene. 
ae Treatment with an alkene gives an anti addition of Br 
Brz Bromination 
and Br across the alkene. 
Halohydrin Treatment with an alkene gives an anti addition of Br 
Br2, H2O Pia and OH across the alkene, with the OH group being 
installed at the more substituted position. 
Treatment of an alkene with a peroxy acid (RCO3H) 
1) RCO3H Anti converts the alkene into an epoxide, which is then 
2) H30* Dihydroxylation opened upon treatment with aqueous acid to give a 
trans-diol. 
KMnOu,, NaOH, : ; Treatment with an alkene gives a syn addition of OH 
cold mye Dyes ylion and OH across the alkene. 
1) OsO4 Syn Dihydroxylation Treatment with an alkene gives a syn addition of OH 
2) NaHSO;, H2O yn y y and OH across the alkene. 
Ozonolysis of an alkene causes cleavage of the C=C 
1) O3 : te : 
Ozonolysis bond, giving two compounds, each of which possesses a 
2) DMS C=O bond. 
Solutions 
8.1. 


(a) An alkene is treated with HBr (in the absence of 
peroxides), so we expect a Markovnikov addition of H 
and Br across the x bond. That is, Br is installed at the 
more-substituted position: 


oe aki aa 
Ww — 


(b) An alkene is treated with HBr in the presence of 
peroxides, so we expect an anti-Markovnikov addition of 
H and Br across the 2 bond. That is, Br is installed at the 


less-substituted position: 
HBr 
— > 
ROOR Br 
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(c) An alkene is treated with HBr (in the absence of 
peroxides), so we expect a Markovnikov addition of H 
and Br across the mz bond. That is, Br is installed at the 
more-substituted position: 


O- Ot 
——— 


(d) An alkene is treated with HCl, so we expect a 
Markovnikov addition of H and Cl across the m bond. 
That is, Cl is installed at the more-substituted position: 


Y = ct 


(e) An alkene is treated with HI, so we expect a 
Markovnikov addition of H and I across the m bond. 
That is, iodine is installed at the more-substituted 
position: 


I 
Fae, A 


(f) An alkene is treated with HBr in the presence of 
peroxides, so we expect an anti-Markovnikov addition of 
H and Br across the x bond. That is, Br is installed at the 
less-substituted position: 


Br 
a HBr 
——_—_—_> 
ROOR 


8.2. 

(a) The desired transformation is a Markovnikov 
addition of H and Br across the m bond. This can be 
achieved by treating the alkene with HBr (in the absence 
of peroxides). 


re oe = Se 
— > 


(b) The desired transformation is an anti-Markovnikov 
addition of H and Br across the m bond. This can be 
achieved by treating the alkene with HBr in the presence 


of peroxides. 


~ROOR 
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8.3. 

(a) In this reaction, H and Br are added across the 
alkene in a Markovnikov addition, which indicates an 
ionic process. There are two mechanistic steps in the 
ionic addition of HBr across an alkene: 1) proton 
transfer, followed by 2) nucleophilic attack. In the first 
step, a proton is transferred from HBr to the alkene, 
which requires two curved arrows, as shown below. The 
resulting, tertiary carbocation is then captured by a 
bromide ion in the second step of the mechanism. This 
step requires one curved arrow, going from the 
nucleophile to the electrophile, as shown: 


oe or: Br 
< $ 


(b) In this reaction, H and Cl are added across the alkene 
in a Markovnikov addition. There are two mechanistic 
steps in the ionic addition of HCI across an alkene: 1) 
proton transfer, followed by 2) nucleophilic attack. In 
the first step, a proton is transferred from HCl to the 
alkene, which requires two curved arrows, as shown 
below. The resulting, tertiary carbocation is then 
captured by a chloride ion in the second step of the 
mechanism. This step requires one curved arrow, going 
from the nucleophile to the electrophile, as shown: 


(c) In this reaction, H and Cl are added across the alkene 
in a Markovnikov addition. There are two mechanistic 
steps in the ionic addition of HCI across an alkene: 1) 
proton transfer, followed by 2) nucleophilic attack. In 
the first step, a proton is transferred from HCl to the 
alkene, which requires two curved arrows, as shown. 
The resulting, tertiary carbocation is then captured by a 
chloride ion in the second step of the mechanism. This 
step requires one curved arrow, going from the 
nucleophile to the electrophile, as shown: 


i 


8.4. Compound 1 has two C=C double bonds and each of them can react with HCl in an ionic reaction (Markovnikov 
addition). Indeed, the molecular formula of compound 2 indicates that two addition reactions must have occurred, 
because compound 2 has two Cl atoms. We will consider each addition process separately, and in each case, we will 
focus on the regiochemical outcome. Let’s begin by drawing a mechanism for the addition of HCl to the double bond 
that is adjacent to the methoxy (OCH3) group). In the first step, a proton is transferred from HCl to the double bond, 
giving the more stable carbocation. This step requires two curved arrows: 
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fe Cl: ë 
| Noon, = OCH3 + :Cl : 


This carbocation is the more stable carbocation because it is stabilized by resonance, as shown: 


© 


Indeed, the second resonance structure has completely filled octets, rendering this carbocation particularly stable. 
Then, in the second step of the process, the carbocation is captured by a chloride ion to generate an alkyl chloride. This 
step requires one curved arrow: 


GIP Cl: 
OCH3 a 
OCH3 


The other C=C bond also reacts with HCI via a similar two-step process: 
OCH; === OCH3 i OCH3 
:Cl 
First, a proton is transferred from HCl to the double bond, giving the more stable tertiary carbocation (rather than a 


ie cl 
secondary carbocation). This carbocation is then captured by a chloride ion to generate a tertiary alkyl chloride. 

In summary, there are two addition processes, and each of them occurs, one after the other, to produce an 
alkyl dichloride with predictable regiochemistry. When drawing a complete mechanism, make sure to draw each step 
separately. That is, draw one process followed by the other. Either process can be drawn first. Both possibilities are 
shown below: 


Possibility #1 Possibility #2 


Sw 


pore 


{_ Aon 


Ch: 
< ' 5 OCH; 
OCH3 ! :Cl 

! Ə 


ra 2 z Compound 2 
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8.5. 

(a) In this case, Markovnikov addition of HBr involves 
the formation of a new chiral center. As such, we expect 
both possible stereochemical outcomes. That is, we 
expect a pair of enantiomers, as shown: 


enantiomers 


(b) In this case, Markovnikov addition of HCl does not 
involve the formation of a new chiral center (the a 
carbon of the resulting alkyl halide bears two propyl 


groups): 


(c) In this case, Markovnikov addition of HBr involves 
the formation of a new chiral center. As such, we expect 
That is, we 


both possible stereochemical outcomes. 
expect a pair of enantiomers, as shown: 


enantiomers 


(d) In this case, Markovnikov addition of HI involves the 
formation of a new chiral center. As such, we expect 


both possible stereochemical outcomes. That is, we 
expect a pair of enantiomers, as shown: 
HI 
—> + 
a é 
= I 


enantiomers 


(e) In this case, Markovnikov addition of HCI does not 
involve the formation of a new chiral center (the a 
carbon of the resulting alkyl halide bears two methyl 
groups): 
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(£) In this case, addition of HCl involves the formation 
of a new chiral center. As such, we expect both possible 
stereochemical outcomes. That is, we expect a pair of 
enantiomers, as shown: 


Cl Cl 
© = 
NN o, EO OAN 


enantiomers 


8.6. 

(a) Protonation of the alkene requires two curved 
arrows, as shown, and leads to the more stable, 
secondary carbocation (rather than a primary 
carbocation). This secondary carbocation then 
undergoes a hydride shift, shown with one curved arrow, 
generating a more stable, tertiary carbocation. In the 
final step (nucleophilic attack), the carbocation is 
captured by a bromide ion. This step requires one 
curved arrow, going from the nucleophile (bromide) to 
the electrophile (the carbocation), as shown: 


(b) Protonation of the alkene requires two curved arrows, 
as shown, and leads to the more stable, secondary 
carbocation (rather than a primary carbocation). This 
secondary carbocation then undergoes a hydride shift, 
shown with one curved arrow, generating a more stable, 
tertiary carbocation. In the final step (nucleophilic 
attack), the carbocation is captured by a bromide ion. 
This step requires one curved arrow, going from the 
nucleophile (bromide) to the electrophile (the 
carbocation), as shown: 


F, g 


Hydride 
Shift 


(c) Protonation of the alkene requires two curved 
arrows, generating a secondary carbocation. This 
secondary carbocation then undergoes a methyl shift, 
shown with one curved arrow, generating a more stable, 
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tertiary carbocation. In the final step of the mechanism 
(nucleophilic attack), the carbocation is captured by a 
chloride ion. This step requires one curved arrow, going 
from the nucleophile (chloride) to the electrophile (the 
carbocation), as shown: 


r TA 


Methyl 
Shift 


one 


(a) The mechanism begins with protonation of the 
carbon-carbon double bond to form a tertiary 
carbocation. This step requires two curved arrows: 


Although both ends of the double bond are doubly 
substituted, and therefore would yield a tertiary 
carbocation, only structure 2 can enable the subsequent 
rearrangement. 

Next, the highlighted carbon atom shifts, giving the 
rearrangement shown. This step requires one curved 
arrow: 


A 


In the final step of the mechanism, a bromide ion 
(produced in the first step) captures the carbocation to 
form an alkyl bromide. This step requires one curved 
arrow: 


(b) This rearrangement involves a ring expansion, and it 
is favorable because ring strain is released when a 
strained four-membered ring becomes a more stable five- 
membered ring, even though the resulting carbocation is 
secondary rather than tertiary. 


8.8. 

(a) The second compound (highlighted) is expected to 
be more reactive toward acid-catalyzed hydration than 
the first compound, because the reaction proceeds via a 
tertiary carbocation, rather than via a secondary 
carbocation, as shown. 


aJ = 


Secondary Tertiary 


(more stable) 


(b) Begin by drawing the compounds: 


wR sA 


2-Methyl-2-butene 3-Methyl-1-butene 

The first compound (2-methyl-2-butene) is expected to 
be more reactive toward acid-catalyzed hydration than 
the second compound, because the reaction proceeds via 


a tertiary carbocation, rather than a secondary 
carbocation. 
po A 
© 
Tertiary Secondary 


(more stable) 


8.9. 

(a) To favor the alcohol, dilute sulfuric acid (mostly 
water) is used. The presence of a lot of water favors the 
alcohol, according to Le Châtelier’s principle. 

(b) To favor the alkene, concentrated sulfuric acid 
(which has less water than dilute acid) is used. With less 
water present, the alkene is favored, according to Le 
Châtelier’s principle. 


8.10. 

(a) Water (H and OH) is added across the alkene in a 
Markovnikov fashion. The mechanism is expected to 
have three steps: 1) proton transfer, 2) nucleophilic 
attack, and 3) proton transfer. In the first step, a proton 
is transferred from H30* to the alkene, which requires 
two curved arrows, as shown. The resulting tertiary 
carbocation is then captured by a water molecule in the 
second step of the mechanism. This step requires one 
curved arrow, going from the nucleophile (water) to the 
electrophile (the carbocation). Then, in the final step of 
the mechanism, a molecule of water functions as a base 
and removes a proton, thereby generating the product. 
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This final step is a proton transfer step, and therefore 
requires two curved arrows, as shown: 


dy D 


H 
X 
OH Co O-H 
@ 


(b) Water (H and OH) is added across the alkene in a 
Markovnikov fashion. The mechanism is expected to 
have three steps: 1) proton transfer, 2) nucleophilic 
attack, and 3) proton transfer. In the first step, a proton 
is transferred from H30* to the alkene, which requires 
two curved arrows, as shown below. The resulting 
tertiary carbocation is then captured by a water molecule 
in the second step of the mechanism. This step requires 
one curved arrow, going from the nucleophile (water) to 
the electrophile (the carbocation). Then, in the final step 
of the mechanism, a molecule of water functions as a 
base and removes a proton, thereby generating the 
product. This final step is a proton transfer step, and 
therefore requires two curved arrows, as shown: 


pa H^ `H 


(c) Water (H and OH) is added across the alkene in a 
Markovnikov fashion. The mechanism is expected to 
have three steps: 1) proton transfer, 2) nucleophilic 
attack, and 3) proton transfer. In the first step, a proton 
is transferred from H30* to the alkene, which requires 
two curved arrows, as shown. The resulting tertiary 
carbocation is then captured by a water molecule in the 
second step of the mechanism. This step requires one 
curved arrow, going from the nucleophile (water) to the 
electrophile (the carbocation). Then, in the final step of 
the mechanism, a molecule of water functions as a base 
and removes a proton, thereby generating the product. 
This final step is a proton transfer step, and therefore 
requires two curved arrows, as shown: 
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8.11. 

(a) Methanol (H and OCHs) is added across the alkene 
in a Markovnikov fashion. The reaction is extremely 
similar to the addition of water across an alkene under 
acid-catalyzed conditions, so we expect the mechanism 
to have three steps: 1) proton transfer, 2) nucleophilic 
attack, and 3) proton transfer. In the first step, a proton 
is transferred from CH3OH2* to the alkene, which 
requires two curved arrows, as shown below. The 
resulting tertiary carbocation is then captured by a 
molecule of methanol in the second step of the 
mechanism. This step requires one curved arrow, going 
from the nucleophile (methanol) to the electrophile (the 
carbocation). Then, in the final step of the mechanism, a 
molecule of methanol functions as a base and removes a 
proton, thereby generating the product. This final step is 
a proton transfer step, and therefore requires two curved 
arrows, as shown: 


M 
H—O0@® 
\ 
U Me 
|e 
ZOS 


“0° H 


pa H~ ~Me se Me 


(b) The reactant is acyclic (it does not have a ring), and 
the product is cyclic, indicating an intramolecular 
reaction. We can justify an intramolecular reaction if we 
inspect the cation that is obtained upon protonation of 
the alkene: 


H700 


Electrophilic 


center Nucleophilic 


center 
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Notice that this intermediate exhibits both an 
electrophilic center and a nucleophilic center. That is, 
the reactive centers are tethered together, via a chain of 
methylene (CH2) groups. As such, a ring is formed in 
the following intramolecular nucleophilic attack, which 
is shown with one curved arrow: 


~~ 
Finally, water functions as a base and removes a proton, 
thereby generating the product. This final step is a 


proton transfer step, and therefore requires two curved 
arrows, as shown: 


Cap ee 


H3 "a x 
@ 


H 


8.12. 

(a) Oxymercuration-demercuration gives Markovnikov 
addition of water (H and OH) without carbocation 
rearrangements. That is, the OH group ends up at the 
more substituted (secondary) position, and the proton 
ends up at the less substituted (primary) position: 


OH 
goes here H 


| goes here OH 
NN is Hg(OAc)2, HzO 

—_ 

2) NaBH, 


If the same alkene were treated with aqueous acid, the 
resulting acid-catalyzed hydration would involve a 
carbocation rearrangement: 


he 


H 
Ca N 
HO Sot oe 
H^ `H 


(b) Oxymercuration-demercuration gives Markovnikov 
addition of water (H and OH) without carbocation 
rearrangements. That is, the OH group ends up at the 
more substituted (secondary) position, and the proton 
ends up at the less substituted (primary) position: 


OH 
goes here 
| OH 
Z 1) Hg(OAc)2, H2O 
— > 
o 2) NaBH, 
H 
goes here 


If the same alkene were treated with aqueous acid, the 
resulting acid-catalyzed hydration would involve a 
carbocation rearrangement: 


Methyl 


(c) Oxymercuration-demercuration gives Markovnikov 
addition of water (H and OH) without carbocation 
rearrangements. That is, the OH group ends up at the 
more substituted (tertiary) position, and the proton ends 
up at the less substituted (primary) position. 


QOQA 


1) Hg(OAc)2, H2O 


2) NaBH, 
CL" 


In this case, acid-catalyzed hydration gives the same 
product, because the intermediate tertiary carbocation 
does not undergo rearrangement: 


Clk = Ch 
— > 


8.13. 
(a) Oxymercuration-demercuration involves the addition 
of H-Z across the double bond (where Z = OH when 
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water, H20, is used as the reagent). If ethanol (EtOH) is 
used as the reagent instead of water, then Z = OEt, so we 
expect Markovnikov addition of ethanol (H and OEt) 
across the alkene, with the ethoxy (OEt) group being 
installed at the more substituted (secondary) position, 
rather than the less substituted (primary) position. 


vA 


(b) Oxymercuration-demercuration involves the 
addition of H-Z across the double bond (where Z = OH 
when water, H20, is used as the reagent). If ethylamine 
(EtNH2) is used as the reagent instead of water, then Z = 
NHEt, so we expect Markvnikov addition of H and 
NHEt across the alkene, with the ethylamino group 
(NHEt) being installed at the more substituted 
(secondary) position, rather than the less substituted 
(primary) position. 


SA 


1) Hg(OAc)p , EtOH 
2s 
2) NaBH, 
OEt 


1) Hg(OAc)2, EtNH> 
— j[["> 
2) NaBH, 


8.14. 

(a) Hydroboration-oxidation results in the anti- 
Markovnikov addition of water (H and OH) across the m 
bond. That is, the OH group is installed at the less- 
substituted (primary) position, rather than the more 


substituted (tertiary) position: 
we p” 


(b) Hydroboration-oxidation results in the anti- 
Markovnikov addition of water (H and OH) across the m 
bond. That is, the OH group is installed at the less- 
substituted (primary) position, rather than the more 


substituted (tertiary) position: 
co 


1) BH3: THF 
2) H202, NaOH 


1) BH3: THF 
ee 
2) H205, NaOH 


Cr 


(c) Hydroboration-oxidation results in the anti- 
Markovnikov addition of water (H and OH) across the m 
bond. That is, the OH group is installed at the less- 
substituted (primary) position, rather than the more 
substituted (secondary) position: 


1) BH3: THF 
— > 
2) H202, NaOH 


ANZN Fa eek 


8.15. There is only one alkene that will afford the 
desired product upon hydroboration-oxidation: 


1) BH3- THE 
2) H205, NaOH 


CHAPTER 8 245 
A ee 
8.16. 


(a) The reagents indicate a hydroboration-oxidation. 
The net result of this two-step process is the anti- 
Markovnikov addition of H and OH across the m bond. 
That is, the OH group is installed at the less-substituted 
position, while the H is installed at the more substituted 
position. In this case, two chiral centers are created. 
Therefore, the stereochemical requirement for syn 
addition determines that the H and OH are added on the 
same face of the alkene, giving the following products: 


1) BH3- THF n 
M + En 
2) H207, NaOH 


In this case, it might seem as if there was an anti 
addition, rather than a syn addition, because we see that 
the product has one wedge and one dash. But this is an 
optical illusion. Recall, that most hydrogen atoms are 
not drawn in bond-line drawings, so the H that was 
added during the process has not been drawn. However, 
if we draw that hydrogen atom, we will see that the H 
and OH were indeed added in a syn fashion: 


CH; CHs 
S SH 
| “oH | 7 


(b) The reagents indicate a hydroboration-oxidation. 
The net result of this two-step process is the anti- 
Markovnikov addition of H and OH across the x bond. 
That is, the OH group is installed at the less-substituted 
position, while the H is installed at the more substituted 
position. In this case, only one chiral center is created. 
Since syn addition can take place from either face of the 
alkene with equal likelihood, we expect a pair of 
enantiomers, as shown: 


oe 
(c) The reagents indicate a hydroboration-oxidation. 
The net result of this two-step process is the anti- 
Markovnikov addition of H and OH across the x bond. 
That is, the OH group is installed at the less-substituted 
position, while the H is installed at the more substituted 


position. In this case, no chiral centers are created, so 
the requirement for syn addition is irrelevant. 


OS arena CO 


OH 


1) BH3- THF 


2) H205, NaOH 
+ En 


1) BHz* THF 
E ol 
2) HzO, NaOH 
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(d) The reagents indicate a hydroboration-oxidation. 
The net result of this two-step process is the anti- 
Markovnikov addition of H and OH across the x bond. 
That is, the OH group is installed at the less-substituted 
position, while the H is installed at the more substituted 
position. In this case, only one chiral center is created. 
Since syn addition can take place from either face of the 
alkene with equal likelihood, we expect a pair of 


enantiomers, as shown: 
HO. 


1) BH3° THF 
TO 0S 
2) H205, NaOH 


(e) The reagents indicate a hydroboration-oxidation. 
The net result of this two-step process is the anti- 
Markovnikov addition of H and OH across the z bond. 
That is, the OH group is installed at the less-substituted 
position, while the H is installed at the more substituted 
position. In this case, no chiral centers are created, so 
the requirement for syn addition is irrelevant. 


1) BH3: THF 
— 


2) H202, NaOH 


ZN 


(f) The reagents indicate a hydroboration-oxidation. The 
net result of this two-step process is the anti- 
Markovnikov addition of H and OH across the x bond. 
That is, the OH group is installed at the less-substituted 
position, while the H is installed at the more substituted 
position. In this case, two chiral centers are created. 
Therefore, the stereochemical requirement for syn 
addition determines that the H and OH are added on the 
same face of the alkene, giving the following products: 


1) BH3: THF 


2) H205, NaOH 


H 


z 
@ 


8.17. The problem statement indicates that this is a hydroboration-oxidation sequence, the net result of which is an anti- 
Markovnikov addition of H and OH across the m bond. That is, the OH group is installed at the less-substituted 
position, while the H is installed at the more substituted position. In this case, two chiral centers are created. Therefore, 
the stereochemical requirement for syn addition determines that the H and OH are added on the same face of the 
alkene, giving the products shown. Note that the highlighted methyl group creates steric hindrance on the top face of 


the ring, so the major product arises from hydroboration from the bottom face: 


& 
`H 
VBE 
2) H707, NaOH H202, NaOH 
(-)-a-Pinene 


8.18. 

(a) The reagents indicate a catalytic hydrogenation 
process, so we expect the addition of H and H across the 
alkene. In this case, the product does not have a chiral 
center, so stereochemistry is not a relevant consideration. 


neo 


(b) The reagents indicate a catalytic hydrogenation 
process, so we expect the addition of H and H across the 
alkene. In this case, the product does not have a chiral 
center, so stereochemistry is not a relevant consideration. 


ao H2 
> 
Pd 


Fe Ee 


Major Minor 


(c) The reagents indicate a catalytic hydrogenation 
process, so we expect the addition of H and H across the 
alkene. In this case, the product has one chiral center, so 
we expect both possible enantiomers (syn addition can 
occur from either face of the m bond). 


ae H2 NN 
= —_ + En 
Ni 


(d) The reagents indicate a catalytic hydrogenation 
process, so we expect the addition of H and H across the 
alkene. In this case, the product does not have a chiral 
center, so stereochemistry is not a relevant consideration. 


= = 
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(e) The reagents indicate a catalytic hydrogenation 
process, so we expect the addition of H and H across the 
alkene. In this case, the reaction generates two chiral 
centers. The requirement for syn addition results in the 
formation of a meso compound, so there is only one 
product. 


DK e 


(meso) 


8.19. The starting material has two carbon-carbon 1 
bonds, each of which will undergo hydrogenation when 
treated with H2 and a catalyst. This creates two new 
chiral centers in the product, highlighted below: 


red 


HO Oa OO 


4, 


Each individual n bond undergoes a syn addition, which 
can occur either from the top face or from the bottom 
face of the x bond. Therefore, each of the two new chiral 
centers can have either the R configuration or the S 
configuration, giving four possible products (shown 
below). These products are all diastereomers of each 
other (because the starting compound already has other 
chiral centers). 


syn 
back face 


syn 
front face 


syn 
front face 


syn N = syn EA 
back face "H = front face 7 
Ow yO Oa aO 
HO, “Ss OH HO, “Se at 
Mn, = 
/ — yest 
H 
syn syn 


front face backface 
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Interestingly, only two stereoisomers are observed in this 
reaction and the major product results from syn addition 
from the back face of both 2 bonds. This is an example 
of an asymmetric catalytic hydrogenation since the 
chirality of the starting material clearly influences which 
face undergoes hydrogenation preferentially. 
Asymmetric catalytic hydrogenation is also possible 
using a chiral catalyst, as will be discussed later in 
Section 8.8. 


8.20. 

(a) When an alkene is treated with molecular bromine 
(Br2), we expect an anti addition of Br and Br across the 
alkene, giving the following pair of enantiomers: 


Br 


— 
=“Br 


(b) When an alkene is treated with molecular bromine 
(Br2), we expect an anti addition of Br and Br across the 
alkene, giving the following pair of enantiomers: 


+ En 


we 


+ En 


(c) When an alkene is treated with molecular bromine 
(Br2), we expect an anti addition of Br and Br across the 
alkene. In this case, only one chiral center is created, so 
we expect both possible enantiomers (formation of the 
initial bromonium ion can occur on either face of the n 
bond with equal likelihood): 


Br 
Br 
Cr =+- 
+ En 


(d) When an alkene is treated with molecular bromine 
(Br2), we expect an anti addition of Br and Br across the 
alkene, giving the following pair of enantiomers: 


() RO 
Bro 
— + En 
Br 


8.21. 

(a) Treating an alkene with molecular bromine (Br2) and 
water results in the addition of OH and Br across the 
alkene (halohydrin formation). The OH group is 
expected to be installed at the more-substituted position, 
while Br is installed at the less-substituted position. In 
this case, two new chiral centers are generated, so we 
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expect only the pair of enantiomers that would result 
from anti addition. 


Br 
Bro +E 
— n 
N HO 
HO 


(b) Treating an alkene with molecular bromine (Br2) and 
water results in the addition of OH and Br across the 
alkene (halohydrin formation). The OH group is 
expected to be installed at the more-substituted position, 
while Br is installed at the less-substituted position. In 
this case, two new chiral centers are generated, so we 
expect only the pair of enantiomers that would result 
from anti addition. 


OH 


(c) Treating an alkene with molecular bromine (Br2) and 
water results in the addition of OH and Br across the 
alkene (halohydrin formation). The OH group is 
expected to be installed at the more-substituted position, 
while Br is installed at the less-substituted position. In 
this case, only one new chiral center is generated, so we 
expect both possible enantiomers (formation of the initial 
bromonium ion can occur on either face of the m bond 
with equal likelihood). 
OH 


Br 
S Bro 
— + En 
H20 


(d) Treating an alkene with molecular bromine (Br2) and 
water results in the addition of OH and Br across the 
alkene (halohydrin formation). In this case, two new 
chiral centers are generated, so we expect only the pair 
of enantiomers that would result from anti addition. 


; Br 
““OH 
8.22. 


(a) The alkene reacts with molecular bromine to give a 
bromonium ion, which is then attacked by a molecule of 
solvent (EtOH, in this case, rather than H20). The result 
is the addition of Br and OEt (rather than the addition of 
Br and OH). The OEt group is expected to be installed 
at the more-substituted position, while Br is installed at 
the less-substituted position. In this case, two new chiral 
centers are generated, so we expect only the pair of 
enantiomers that would result from anti addition: 


+ En 


SX 
+E ——— 
É Cy 2) H,0* 


(b) The alkene reacts with molecular bromine to give a 
bromonium ion, which is then captured by a molecule of 
solvent (EtNH2, in this case, rather than H20). The 
result is the addition of Br and NHEt (rather than the 
addition of Br and OH). The ethylamino group (NHEt) 
is expected to be installed at the more-substituted 
position, while Br is installed at the less-substituted 
position. In this case, two new chiral centers are 
generated, so we expect only the pair of enantiomers that 
would result from anti addition: 


+ En 


8.23. The bromonium ion can open (before a bromide 
ion attacks), forming a resonance-stabilized carbocation. 
This carbocation is trigonal planar and can be attacked 
from either side: 


Cere © 


resonance-stabilized 


8.24. 

(a) Treating an alkene with a peroxy acid followed by 
aqueous acid results in the addition of OH and OH across 
the alkene. In this case, two new chiral centers are 
generated, so we expect only the pair of enantiomers that 
would result from anti addition: 


1) RCO3H 
2) H,0* 


(b) Treating an alkene with a peroxy acid followed by 
aqueous acid results in the addition of OH and OH across 
the alkene. In this case, two new chiral centers are 
generated, so we expect only the pair of enantiomers that 
would result from anti addition: 


1) RCO3H %, 
> 


nS 


(c) Treating an alkene with a peroxy acid followed by 
aqueous acid results in the addition of OH and OH across 
the alkene. In this case, two new chiral centers are 
generated, so we expect only the pair of enantiomers that 
would result from anti addition: 


OH 


1) RCO3H 
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(d) Treating an alkene with a peroxy acid followed by 
aqueous acid results in the addition of OH and OH across 


the alkene. In this case, the product has no chiral 
centers, so stereochemistry is not a relevant 
consideration. 
OH 
oe ou 
2) H30 


(e) Treating an alkene with a peroxy acid followed by 
aqueous acid results in the addition of OH and OH across 
the alkene. In this case, two new chiral centers are 
generated. However, the anti addition results in the 
formation ofa meso compound: 


OH OH 
2 1) RCO3H PNG 6 
— > = 
xN 2) H30* : 
OH (meso) 


(£) Treating an alkene with a peroxy acid followed by 
aqueous acid results in the addition of OH and OH across 
the alkene. In this case, two new chiral centers are 
generated, so we expect only the pair of enantiomers that 
would result from anti addition: 


1) RCO3H „w OH 
—— + En 
2) H30* 

OH 


8.25. 

(a) Treating an alkene with a peroxy acid results in an 
epoxide. Further treatment of the epoxide with ethanol 
under acid conditions results in a ring opening reaction 
in which ethanol serves as the nucleophile. Nucleophilic 
attack occurs at the more-substituted (tertiary) position, 
so the net result is the addition of OH and OEt across the 
alkene, with the latter being installed at the more- 
substituted position, as shown: 


1) RCO3H pH 
ss — SS : + En 
2) [H2804] , 
OH 
MoH 


(b) Treatment of the epoxide with phenol (C6HsOH) 
under acid conditions results in a ring opening reaction 
in which the oxygen atom of phenol serves as the 
nucleophilic center. Nucleophilic attack occurs at the 
more-substituted (tertiary) position, so the net result is 
the addition of OH and OR (where R is CoHs) across the 
alkene, with the latter being installed at the more- 
substituted position. Since the starting epoxide is 
enantiomerically pure (we are starting only with the 
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enantiomer shown), we expect an enantiomerically pure 
product (not a mixture of enantiomers), as shown. 


8.26. 

(a) Compound A is converted to an epoxide upon 
treatment with a peroxy acid, so compound A must be an 
alkene. There are many alkenes with the molecular 
formula C6H12, and it would be time-consuming to try to 
draw them all. Instead, we notice the following: in order 
for the product to have no chiral centers, each of the 
vinylic positions must already contain two identical 
groups, like this: 


M 
S mustbe 
identical 
ye 


x 
must be — 
identical 

oO, x 


There are only two alkenes with the molecular formula 
CoHi2 that fit this criterion: 


__ 1) RCO3H HO OH 
2) H30* 
no chiral centers 
1) RCO3H OH 
2) H30* on 


no chiral centers 


(b) In order to be a meso compound, the resulting diol 
must contain two chiral centers, as well as reflectional 
symmetry (such as an internal plane of symmetry). In 
order to achieve this result, the starting alkene must have 
the following structural features: 


x) (Y 
RCO3H a 
= xf ey + En 
Y) (x 7 X 
xX E xX i 3 xX Be 
HO OH Y OH 
meso 


The identity of X and Y must be different, or the 
resulting diol would have no chiral centers. There is 
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only one alkene with the molecular formula CeH12 that 
fits this criterion: 


rr + En 
H Et H 
HO n, [ko 
oe 
Et OH 
meso 


8.27. 

(a) Treating an alkene with catalytic osmium tetroxide 
and NMO results in the addition of OH and OH across 
the alkene. In this case, two new chiral centers are 
generated, so we expect only the pair of enantiomers that 
would result from syn addition: 


OH 
OsO, (catalytic) 
WN a aa + En 
gO NMO 
OH 


(b) Treating an alkene with osmium tetroxide followed 
by aqueous sodium bisulfite results in the addition of OH 
and OH across the alkene. In this case, only one chiral 
center is created, so we expect both possible enantiomers 
(formation of the initial cyclic osmate ester can occur on 
either face of the m bond with equal likelihood): 


OH 


Lett + En 


(c) Treating an alkene with cold potassium permanganate 
and sodium hydroxide results in the addition of OH and 
OH across the alkene. In this case, two new chiral 
centers are generated, and we expect a syn addition, 


giving the following meso compound: 
OH 
KMnO4, NaOH 
— ~ > 
cold 
OH 
(meso) 


(d) Treating an alkene with cold potassium 
permanganate and sodium hydroxide results in the 
addition of OH and OH across the alkene. In this case, 
the product has no chiral centers, so stereochemistry is 
not a relevant consideration. 


1) OsO4 
—————————— > 
“S 2) NaHSO3/ H2O 


OH 


KMnO,, NaOH 


OH 
cold 


(e) Treating an alkene with catalytic osmium tetroxide 
and a suitable co-oxidant (tert-butyl hydroperoxide) 
results in the addition of OH and OH across the alkene. 
In this case, only one chiral center is created, so we 
expect both possible enantiomers (formation of the initial 


cyclic osmate ester can occur on either face of the m 


bond with equal likelihood): 
OH 


OsO, talyti 
ANS = ola AAO 
oo 


(f) Treating an alkene with catalytic osmium tetroxide 
and NMO results in the addition of OH and OH across 
the alkene. In this case, two new chiral centers are 
generated, so we expect only the pair of enantiomers that 


would result from syn addition: 
AN aoao, zea = PY 
(a) Each C=C bond is split apart and redrawn as two 


8.28. 
C=0 bonds, giving the following products: 


+ En 


S 


(b) Each C=C bond is split apart and redrawn as two 
C=0 bonds, giving two equivalents of the same product: 


yY 


1) Oz O © 
—o 
2) DMS o o 


(c) The C=C bond is split apart and redrawn as two C=O 
bonds, giving two equivalents of the same product: 


H CH3 4) Dos 
= = o=" 
DMS DMS 
H3C H 


(d) The C=C bond is split apart and redrawn as two C=O 
bonds, giving the following product: 


(e) The C=C bond is split apart and redrawn as two C=O 
bonds, giving the following meso compound: 
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H 
\=0 
H = 
ay = 
——- = 
2) DMS O O 
o : 
meso = 
H 7° 


(f) The C=C bond is split apart and redrawn as two C=O 
bonds, giving two equivalents of the same product: 


=- pmo ot 
8.29. 
(a) We can draw the starting alkene by removing the two 


oxygen atoms from the product, and connecting the sp* 
hybridized carbon atoms as a C=C bond: 


Jouw 


1) O3 
2) DMS 


IOs O3 
HDMS 
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(b) In this case, the starting alkene has ten carbon atoms 
while the product has only five carbon atoms. Therefore, 
one equivalent of the starting alkene must produce two 


equivalents of the product: 
(two equivalents) 


(c) In this case, the starting alkene has ten carbon atoms 
while the product has only five carbon atoms. Therefore, 
one equivalent of the starting alkene must produce two 
equivalents of the product: 


DOs 
DDMS DMS 


(two equivalents) 


8.30. The starting material (C27H3s0) has only one oxygen atom, while compound 2 (Ci9H220s) has five oxygen 
atoms. The insertion of four oxygen atoms (and the production of four small molecules) indicates that four C=C bonds 
(highlighted below) undergo ozonolysis. The other three C=C bonds (in the ring) are part of the aromatic system, 
which is unreactive toward ozonolysis, as mentioned in the problem statement. To draw the products of ozonolysis, 
each C=C bond is split apart and redrawn as two C=O bonds. This gives compound 2, shown below, along with two 


molecules of formaldehyde (CH20) and two molecules of acetone ((CH3)2CO). 


Compound 1 
(C27H380) 


8.31. 

(a) The reagents indicate a hydroboration-oxidation, so 
the net result will be the addition of H and OH across the 
alkene. For the regiochemical outcome, we expect an 
anti-Markovnikov addition, so the OH group is installed 
at the less-substituted position. The stereochemical 
outcome (syn addition) is not relevant in this case, 
because the product has no chiral centers: 


cy 


1) BH; -THF 
2) HO», NaOH 


H H3C 

HX Jch 
o fe) 

o o o 


eo 


y ba 


CH3 


Compound 2 CH3 


(C19H2205) 


(b) The reagents indicate a hydrogenation reaction, so 
the net result will be the addition of H and H across the 
alkene. The regiochemical outcome is not relevant 
because the two groups added (H and H) are identical. 
We expect the reaction to proceed via a syn addition, but 
only one chiral center is formed. Therefore, both 
enantiomers are obtained because syn addition can occur 
from either face of the starting alkene: 


H2 
— + En 
Pt 
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(c) The first reagent is a peroxy acid, indicating 
formation of an epoxide, which is then opened under 
aqueous acidic conditions. The net result is expected to 
be the addition of OH and OH across the alkene. The 
regiochemical outcome is not relevant because the two 
groups added (OH and OH) are identical. For the 
stereochemical outcome, we notice that two chiral 
centers are formed, and we expect only the pair of 
enantiomers resulting from an anti addition: 


ene 


(d) The reagents indicate a dihydroxylation reaction, so 
the net result will be the addition of OH and OH across 
the alkene. The regiochemical outcome is not relevant 
because the two groups added (OH and OH) are 
identical. We expect the reaction to proceed via a syn 
addition. In this case, two chiral centers are formed, so 
we expect only the pair of enantiomers resulting from a 
syn addition: 


——_—_—__—_—_—_—_———————r» 
2) NaHSO; / H2O 


(e) The reagent indicates an acid-catalyzed hydration, so 
the net result will be the addition of H and OH across the 
alkene. We expect a Markovnikov addition, so the OH 
group will be installed at the more-substituted position. 
Only one chiral center is formed, so we expect the 
following pair of enantiomers: 


OH 
Oo H30* ESNS 
—> 
+ En 


(f) The reagent indicates a hydrobromination reaction, so 
the net result will be the addition of H and Br across the 
alkene. We expect a Markovnikov addition, so the Br 
group will be installed at the more-substituted position. 
No chiral centers are formed in this case, so 
stereochemistry is irrelevant: 


Br 
oe HBr LI 
— 


(g) The reagents indicate a dihydroxylation process (via 
an epoxide), so the net result will be the addition of OH 
and OH across the alkene. The regiochemical outcome 
is not relevant because the two groups added (OH and 


HO 
1) CH3;CO3H 


2) Hg" | "OH 


+ En 


+ En 


OH) are identical. We expect the reaction to proceed 
via an anti addition. In this case, two chiral centers are 
formed, so we expect only the pair of enantiomers 
resulting from an anti addition: 


OH 
1) RCO3H : 
2. = > + En 
JUG ie. 
OH 


(h) The reagents indicate a hydroboration-oxidation, so 
the net result will be the addition of H and OH across the 
alkene. For the regiochemical outcome, we expect an 
anti-Markovnikov addition, so the OH group is installed 
at the less-substituted position. We expect the reaction 
to proceed via a syn addition, but only one chiral center 
is formed, so we expect both enantiomers (syn addition 
can occur on either face of the starting alkene): 


Cr 
(i) The reagents indicate a dihydroxylation reaction, so 
the net result will be the addition of OH and OH across 
the alkene. The regiochemical outcome is not relevant 
because the two groups added (OH and OH) are 
identical. We expect the reaction to proceed via a syn 
addition. In this case, two chiral centers are formed, so 


we expect only the pair of enantiomers resulting from a 
syn addition: 


OH 


1) BH3: THE 


2) H205, NaOH 
+ En 


OsO,4 
(catalytic) 


8.32. The net result will be the addition of OH and OH 
across the alkene. The regiochemical outcome is not 
relevant because the two groups added (OH and OH) are 
identical. We expect the reaction to proceed via a syn 
addition. In this case, two chiral centers are formed, so 
we expect the two products shown below. Because of 
the presence of a third chiral center, these two products 
are diastereomers, rather than enantiomers. 


QO 


KMnO; , NaOH 


cold 
OH OH 
Cx . G 
OH “OH 
Me J 
y 


Diastereomers 
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8.33. syn-Dihydroxylation of trans-2-butene results in 
the same products as anti-dihydroxylation of cis-2- 
butene, as shown below. The configuration of each 
chiral center has been assigned to demonstrate that the 
products are indeed the same for these two reaction 
sequences: 


__/ KMnO4, NaOH HC 
/ cold ) 


OH 
(2R,3R) 
HO OH 
1) RCO3H S 
or + En 
2) H30* 
(2R,3R) 


8.34. Compound A must be an alkene (because it 
undergoes reactions that are typically observed for 
alkenes, such as hydroboration-oxidation, 
hydrobromination and ozonolysis). So, we begin by 
drawing all possible alkenes with the molecular formula 
CsHio (using a methodical approach similar to the one 
described in the solution to Problem 4.3): 


Five-carbon chain 3 
P LAs er 
Zw ™S Ya 2 5 


Four-carbon chain 
2 4 
1 3 
2 4 2 4 
1 3 1 3 


Among these isomers, only the last two will afford a 
tertiary alkyl halide upon treatment with HBr. And 
among these two alkenes, only the latter will undergo 
ozonolysis to produce a compound with three carbon 
atoms and another compound with two carbon atoms. 
Now that we have identified the starting alkene, we can 
draw the products B-F, as shown here: 


1) O3 
2) DMS 
a. 
a + o= 
s> 
C d 
1) BH3* THF ee 
Compound D 2) H2Oo, 
NaOH 


ae 
OH ‘OH 


Compounds B + C 
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8.35. 

(a) The two groups being added across the alkene are H 
and OH. The OH group is installed at the less- 
substituted carbon atom, so we must use conditions that 
give an anti-Markovnikov addition of H and OH. This 
can be accomplished via hydroboration-oxidation. The 
reaction proceeds via a syn addition, which can occur on 
either face of the alkene, giving a pair of enantiomers: 


OH 
Cy 1) BH3 THF 
r 
2) H207, NaOH 
) H203, Na +En 


(b) This reaction involves elimination of H and Br to 
give the less-substituted alkene, so a sterically hindered 
base (such as tert-butoxide) is required: 


Br t-BuOK 


(c) The two groups being added across the alkene are H 
and Br. The Br group is installed at the less-substituted 
carbon atom, so we must use conditions that give an 
anti-Markovnikov addition of H and Br. This can be 
accomplished by treating the alkene with HBr in the 
presence of peroxides. 


HBr 
ol 
ROOR 


(d) The two groups being added across the alkene are H 
and H, which can be accomplished by treating the alkene 
with molecular hydrogen (H2) in the presence of a 
suitable catalyst. 


(e) The two groups being added across the alkene are H 
and Cl. The latter is installed at the more-substituted 
carbon atom, so we must use conditions that give a 
Markovnikov addition of H and Cl. This can be 
accomplished by treating the alkene with HCl. 


Cl 
HCI 


(f) The two groups being added across the alkene are H 
and OH. The OH group is installed at the less- 
substituted position, so we must use conditions that give 
an anti-Markovnikov addition of H and OH. Also, the H 
and OH are added in a syn fashion (this can be seen more 
clearly if you draw the H that was installed, as shown 
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below). This can be accomplished via hydroboration- 
oxidation: 


1) BH3* THF 
— > 
2) H202, NaOH 


«OH 
+ En 


(g) This reaction involves elimination of H and Br to 
give the more-substituted alkene, so we must use a 
strong base that is not sterically hindered. We can use 
hydroxide, methoxide or ethoxide as the base. All of 
these bases are suitable, as the substrate is tertiary so Sn2 
reactions will not compete. 


8.36. 


NaOEt 
— 


a 


(h) The two groups being added across the alkene are H 
and Br. The latter is installed at the more-substituted 
carbon atom, so we must use conditions that give a 
Markovnikov addition of H and Br. This can be 
accomplished by treating the alkene with HBr. 


Br 
—_—_—__ 


(a) The two groups that are being added across the double bond are OH and H. The OH group must be installed at the 
less-substituted position, so we must choose reagents that achieve an anti-Markovnikov addition. This can be 


accomplished via hydroboration-oxidation. 


a 


1) BHs:THF 
~2) H20, NaOH 


(b) The addition of OH and H can occur via a syn addition to either face of the n bond. The configuration of the newly 
formed chiral center (as shown above) results from addition to the back side of the n bond. Hydroboration occurs 
preferentially on the back face of the n bond in order to minimize steric interactions with the other two very large 


groups (both on wedges) which are both on the front face. 


Although both H and OH are added across the x bond, only the addition of H creates a new chiral center. Addition of 
H to the back side of the x bond pushes the CH2OH group forward, as seen in the major product. 


8.37. 

(a) The desired transformation can be achieved via a 
two-step process (elimination, followed by addition). 
We must be careful to control the regiochemical outcome 
of each of these processes. During the elimination 


process, we want to form the more-substituted alkene, so 
we must use a strong base that is not sterically hindered 
(such as hydroxide, methoxide, or ethoxide). Then, 
during the addition process, we want to add HCl in a 
Markovnikov fashion (with the Cl being installed at the 
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more-substituted position). This can be accomplished by 
treating the alkene with HCl, as shown here: 


Cl 
NaOMe 


Cl 


(b) The desired transformation can be achieved via 
elimination, followed by addition. We must be careful to 
control the regiochemical outcome of each of these 
processes. During the elimination process, we want to 
form the less-substituted alkene, so we must use a strong, 
sterically hindered base, such as potassium fert-butoxide. 
Notice that the substrate is an alcohol, so we must first 
convert the OH group (bad leaving group) into a tosylate 
group (good leaving group) before performing the 
elimination process. Then, during the addition process, 
we want to add H and OH in an anti-Markovnikov 
fashion (with the OH being installed at the less- 
substituted position). This can be accomplished via 
hydroboration-oxidation, as shown here: 


OH 
1) TsCl, py 
a or 


2) t-BuOK 


a 
(c) The desired transformation can be achieved via 
elimination, followed by addition. We must be careful to 
control the regiochemical outcome of each of these 
processes. During the elimination process, we want to 
form the less-substituted alkene, so we must use a strong, 
sterically hindered base, such as potassium fert-butoxide. 
Then, during the addition process, we want to add H and 
OH in an anti-Markovnikov fashion (with the OH being 
installed at the less-substituted position). This can be 


ae 
1) BH3- THF 


2) H205, NaOH 
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accomplished via hydroboration-oxidation, as shown 
here: 


Br 
t-BuOK 


— 
1) BH3-THF 
2) H207, NaOH 


ies eal 
(d) The desired transformation can be achieved via 
elimination, followed by addition. We must be careful to 
control the regiochemical outcome of each of these 
processes. During the elimination process, we want to 
form the more-substituted alkene, so we will need a 
strong base that is not sterically hindered (such as 
hydroxide, methoxide, or ethoxide). Notice that the 
substrate is an alcohol, so we must first convert the OH 
group (bad leaving group) into a tosylate group (good 
leaving group) before performing the elimination 
process. Alternatively, we can simply perform the 
elimination process in one step by treating the alcohol 
with concentrated aqueous sulfuric acid (via an El 
process, as seen in Section 7.12). Then, during the 
addition process, we want to add H and OH in an anti- 
Markovnikov fashion (with the OH being installed at the 
less-substituted position) via a syn addition (this can be 
seen more clearly if you draw the H that is installed, as 
shown). This can be accomplished via hydroboration- 
oxidation: 
) TsCl, py 
SINON, NaOEt 


one>> \ conc. H2804 Pa Cr 


Heat 


1) BH3: THF 
2) H202, NaOH 


8.38. The desired transformation can be achieved via a two-step process (elimination, followed by addition). Notice 
that the substrate is an alcohol, so we can simply perform the elimination process by treating the alcohol with 
concentrated aqueous sulfuric acid. Alternatively, we can first convert the OH group (bad leaving group) into a tosylate 
group (good leaving group) before performing an elimination process. Treating the resulting ethylene with cold 
potassium permanganate and sodium hydroxide results in the addition of two OH groups across the alkene, providing 
the target structure ethylene glycol. Alternatively, the dihydroxylation can be accomplished in a two-step process by 
epoxide ring-opening. Since there are no chiral centers in the product, syn- or anti-dihydroxylation of the alkene both 


give rise to the same diol. 


conc. H2SO4 


Heat 
\ TsCl 


NaH / 


> H2C=CH> 


KMnO4 
NaOH, cold 


\ MCPBA 


www.MyEbookNiche.eCrater.com 


256 CHAPTER 8 


8.39. 

(a) The desired transformation can be achieved via a 
two-step process (addition, followed by elimination). 
We must be careful to control the regiochemical outcome 
of each step of the process. During the addition reaction, 
we want to install Br at the more-substituted position, so 
we treat the alkene with HBr (without peroxides). Then, 
the elimination process must be performed in a way that 
gives the more-substituted alkene, so we must use a 
strong base that is not sterically hindered, such as 
methoxide (hydroxide or ethoxide can also be used). 


CT rw CO 


(b) These two alkenes can be interconverted via a two- 
step process (addition, followed by elimination). We 
must be careful to control the regiochemical outcome of 
each step of the process. In one case, a sterically 
hindered base is required, while in the other case, we 
must use a base that is not sterically hindered, as shown. 


(c) The two-step process (addition followed by 
elimination) must be used twice in this case. First, we 
perform a Markovnikov addition of HBr to install Br at 


the more-substituted position, followed by elimination 
with a base that is not sterically hindered, thereby giving 


1) HBr 
a 
2) NaOMe 


1) HBr 
2) t-BuOK 


1) HBr 
2) NaOMe 


the more-substituted alkene. Then, we perform the two- 

step process again. But this time, we begin with an anti- 

Markovnikov addition of HBr (in the presence of 

peroxides) to install Br at the less-substituted position, 

followed by elimination with a sterically hindered base 
— > 


to give the less substituted alkene: 
A Aa 
2) NaOMe 
1) HBr, ROOR 
2) t-BuOK 
we 


(d) The two-step process (addition followed by 
elimination) must be used twice in this case. First, we 
perform a Markovnikov addition of HBr to install Br at 
the more-substituted position, followed by elimination 
with a base that is not sterically hindered, thereby giving 
the more-substituted alkene. Then, we perform the two- 
step process again. But this time, we begin with an anti- 
Markovnikov addition of HBr (in the presence of 
peroxides) to install Br at the less-substituted position, 
followed by elimination with a sterically hindered base 
to give the less substituted alkene. 


1) HBr 


1) HBr 1) HBr, ROOR 
— e 
2) NaOMe 2) -BuOK 


8.40. Notice that there are two m bonds in compound 2, but only one x bond in compound 1, so we need to add a m 
bond as well as move one. Each of the z bonds in the product can be made via an elimination reaction, so making both 


mt bonds requires two leaving groups: 


Br: 
OTBDMS 


Br CH3 


Strong base 


OTBDMS 
CH3 


Both elimination reactions are favored if we use a bulky base, such as tert-butoxide. The necessary dibromide can be 
made directly from compound 1, via bromination of the n bond. This gives the following two-step synthesis: 


Br 
OTBDMS Bro 


—_> 


CH3 Br 


8.41. A reaction is only favorable if AG is negative. 
Recall that AG has two components: (AH) and (-TAS). 
The first term (AH) is positive for this reaction (two o 
bonds are converted into one o bond and one m bond). 
The second term (-TAS) is negative because AS is 


OTBDMS 


t-BuOK OTBDMS 
— 


CH3 CH3 


positive (one molecule is converted into two molecules). 
Therefore, the reaction is only favorable if the second 
term is greater in magnitude than the first term. This 
only occurs at high temperature. 
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8.42. 

(a) Treating an alkene with cold potassium 
permanganate and sodium hydroxide results in the 
addition of OH and OH across the alkene. In this case, 
two new chiral centers are generated, so we expect only 
the pair of enantiomers that would result from syn 
addition: 

HO OH 


My 
KMnO, i 
— > 


NaOH, cold 


(b) The reagent indicates a hydrochlorination reaction, 
so the net result will be the addition of H and Cl across 
the alkene. We expect a Markovnikov addition, so the 
Cl group will be installed at the more-substituted 
position. No chiral centers are formed in this case, so 
stereochemistry is irrelevant: 


= HCI eI 
— > 


(c) The reagents indicate a hydrogenation reaction, so 
the net result will be the addition of H and H across the 
alkene. The regiochemical outcome is not relevant 
because the two groups added (H and H) are identical. 
The stereochemical requirement for the reaction (syn 
addition) is not relevant in this case, as no chiral centers 
are formed: 


i ee 


(d) The reagents indicate bromohydrin formation, so the 
net result will be the addition of Br and OH across the 
alkene. The OH group is expected to be installed at the 
more-substituted position. The reaction proceeds via an 
anti addition, giving the following pair of enantiomers: 


Br 
Bro HOn,,) 


+ En 


(e) The reagents indicate hydration of the alkene via 
oxymercuration-demercuration. The net result will be 
the addition of H and OH across the alkene, with the OH 
group being installed at the more-substituted position. 
The product has no chiral centers, so stereochemistry is 
not a consideration: 


HO 
1) Hg(OAc)2 , H20 
ae ee 


2) NaBH, 


8.43. 

(a) The reagents indicate the addition of OH and OH 
across the alkene. The regiochemical outcome is not 
relevant because the two groups added (OH and OH) are 
identical. We expect the reaction to proceed via an anti 
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addition, but only one chiral center is formed, so we 


expect both enantiomers: 
HO, 
IRCO OH 
DRO 


(b) The reagent indicates a hydrobromination reaction, 
so the net result will be the addition of H and Br across 
the alkene. We expect a Markovnikov addition, so Br 
will be installed at the more-substituted position. No 
chiral centers are formed in this case, so stereochemistry 
is irrelevant: 


A 
HBr Br 
— 


(c) The reagents indicate a hydrogenation reaction, so 
the net result will be the addition of H and H across the 
alkene. The regiochemical outcome is not relevant 
because the two groups added (H and H) are identical. 
No chiral centers are formed in this case, so 
stereochemistry is also irrelevant. 


L Hi 
— 
Pt 


(d) The reagent indicates a bromination reaction, so the 
net result will be the addition of Br and Br across the 
alkene. The regiochemical outcome is not relevant 
because the two groups added (Br and Br) are identical. 
We expect the reaction to proceed via an anti addition, 
but only one chiral center is formed, so we expect both 
enantiomers: 


Br. 
A Bro Br 
—__ + En 


(e) The reagents indicate a hydroboration-oxidation, so 
the net result will be the addition of H and OH across the 
alkene. For the regiochemical outcome, we expect an 
anti-Markovnikov addition, so the OH group is installed 
at the less-substituted (secondary) position. We expect 
the reaction to proceed via a syn addition, but only one 
chiral center is formed, so we expect both enantiomers 
(syn addition can occur on either face of the alkene): 


1) a lll -THF OH 
T2) H207, NaOH H202, NaOH 
+ En 
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8.44. 

(a) Water (H and OH) is added across the alkene in a 
Markovnikov fashion. The mechanism is expected to 
have three steps: 1) proton transfer, 2) nucleophilic 
attack, and 3) proton transfer. In the first step, a proton 
is transferred from H30* to the alkene, which requires 
two curved arrows, as shown below. The resulting 
tertiary carbocation is then captured by a water molecule 
in the second step of the mechanism. This step requires 
one curved arrow, going from the nucleophile (water) to 
the electrophile (the carbocation). Then, in the final step 
of the mechanism, a molecule of water functions as a 
base and removes a proton, thereby generating the 
product. This final step is a proton transfer step, and 
therefore requires two curved arrows, as shown: 


CH 


so = 


(b) In the first step of the mechanism, a proton is 
transferred from H30* to the alkene, which requires two 
curved arrows, as shown below. The resulting secondary 
carbocation then rearranges via a hydride shift, giving a 
more stable, tertiary carbocation. That step is shown 
with one curved arrow. The tertiary carbocation is then 
captured by a water molecule, which is shown with one 
curved arrow, going from the nucleophile (water) to the 
electrophile (the carbocation). Then, in the final step of 
the mechanism, a molecule of water functions as a base 
and removes a proton, thereby generating the product. 
This final step is a proton transfer step, and therefore 
requires two curved arrows, as shown: 


(c) In this reaction, H and Br are added across the alkene 
in a Markovnikov addition, which indicates an ionic 


process. There are two mechanistic steps in the ionic 
addition of HBr across an alkene: 1) proton transfer, 
followed by 2) nucleophilic attack. In the first step, a 
proton is transferred from HBr to the alkene, which 
requires two curved arrows, as shown below. The 
resulting tertiary carbocation is then captured by a 
bromide ion in the second step of the mechanism. This 
step requires one curved arrow, going from the 
nucleophile to the electrophile, as shown: 


<O Br 
e 


(d) Protonation of the alkene requires two curved arrows, 
as shown, and leads to the secondary carbocation (rather 
than a primary carbocation). This secondary carbocation 
then undergoes a methyl shift, shown with one curved 
arrow, generating a more stable, tertiary carbocation. In 
the final step of the mechanism (nucleophilic attack), the 
carbocation is captured by a bromide ion. This step 
requires one curved arrow, going from the nucleophile 
(bromide) to the electrophile (the carbocation), as shown: 


Methyl 
shift 
Br EAC) 
H Br: v 


8.45. The starting material (1-bromo-1- 
methylcyclohexane) is a tertiary alkyl halide, and will 
undergo an E2 reaction when treated with a strong base 
such as methoxide, to give the more substituted alkene 
(compound A). Hydrogenation of compound A gives 


methylcyclohexane: 
Br NaOMe H2 
ie te 
Pt 
Compound A 
8.46. 


(a) The desired transformation can be achieved via a 
two-step process (addition, followed by elimination). 
We must be careful to control the regiochemical outcome 
of each step of the process. During the addition reaction, 
we want to install Br at the more-substituted (tertiary) 
position, so we treat the alkene with HBr (without 
peroxides present). Then, the elimination process must 
be performed in a way that gives the more-substituted 
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alkene, so we must use a strong base that is not sterically 
hindered, such as methoxide (hydroxide or ethoxide can 
also be used). 


1) HBr 
el 
2) NaOMe 


(b) This trisubstituted alkene can be converted into the 
monosubstituted alkene via a two-step process (addition, 
followed by elimination). We must be careful to control 
the regiochemical outcome of each of these steps. 
During the addition process, we want to install Br at the 
less-substituted (secondary) position, so we treat the 
alkene with HBr in the presence of peroxides. Then, the 
elimination process must be performed in a way that 
gives the less-substituted alkene, so we must use a 
strong, sterically hindered base (such as tert-butoxide). 
1) HBr, ROOR 


> 
a ie 2) EBuOK A 


8.47. Treatment of the starting alcohol with concentrated 
sulfuric acid affords the more substituted alkene. 
Moving the position of the n bond can then be achieved 
via a two step-process (addition, followed by 
elimination). We must be careful to control the 
regiochemical outcome of each step of the process. 
During the addition reaction, we want to install Br at the 
less-substituted (secondary) position, so we treat the 
alkene with HBr in the presence of peroxides. Then, the 
elimination reaction must be performed in a way that 
gives the less-substituted alkene, so we must use a 
strong, sterically hindered base (such as tert-butoxide). 
conc. pote SOs 


i Pes 
P i ~ hat 


1) HBr, ROOR 
2) tBuOK 
ANNS 


8.48. Two different alkenes will produce 2,4- 
dimethylpentane upon hydrogenation: 


PsN 
A 
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Note that the following four drawings all represent the 


same compound: 
Ill 


es 


8.49. We must first determine the structure of 
compound A. The necessary information has been 
provided. Specifically, ozonolysis of compound A gives 
only one product, which has only one C=O bond. 
Therefore, the starting alkene must be symmetrical, 
leading to two equivalents of the product: 


Compound A 


Treatment of compound A with a peroxy acid, followed 
by aqueous acid, affords a diol. No chiral centers are 


formed, so stereochemistry is not a relevant 
consideration. 
_1)RCO3H © 
2) Dao 
Compound A 
8.50. 


(a) Interconversion between the two alcohols requires 
moving the position of the OH group. In each case, this 
can be accomplished via a two step-process (elimination 
followed by addition). In each case, the elimination step 
can be achieved by treating the alcohol with concentrated 
sulfuric acid. For the addition step, the regiochemical 
outcome must be carefully considered. In the first case 
below, dilute aqueous acid is used to give a 
Markovnikov addition, while in the second case below, 
hydroboration-oxidation is employed to give an anti- 
Markovnikov addition. 


1) conc. H2SO4, heat 


2) dilute H2SO4 N 
OH 
\ 1) conc. H2SO,4, heat / 
2) BH3- THF 


3) H Oo, NaOH 
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(b) Interconversion between the two alkyl halides 
requires moving the position of Br. In each case, this 
can be accomplished via a two step-process (elimination 
followed by addition). In each case, the elimination step 
can be achieved via an E2 reaction, using a strong base 
(such as hydroxide, or methoxide or ethoxide) to give the 
more substituted alkene. For the addition step, the 
regiochemical outcome must be carefully considered. In 
the first case below, HBr and peroxides are used to give 
an anti-Markovnikov addition, while in the second case 
below, HBr is used to give a Markovnikov addition. 


1) NaOMe 


/  2)HBr,ROOR N 
MO 
XS 1) NaOMe / Ei 


2) HBr 


(c) Treating the starting material with a strong base 
(such as hydroxide, methoxide or ethoxide) gives the 
more substituted (tetrasubstituted) alkene, which can 
then be converted to the desired meso compound upon 
hydrogenation. 


meso 


Cl 


> 


(d) The product is a cis-diol which can be prepared via a 
syn  dihydroxylation. The necessary alkene 
(cyclohexene) can be made in one step from the starting 
alcohol, upon treatment with concentrated sulfuric acid 
(an El reaction): 


OH OH 
conc 
i OH 
H2504 OsO, 
———= 
Heat NMO 


8.51. Treatment of compound A with sodium ethoxide 
gives no Sn2 products, so the substrate must be tertiary. 
Only one elimination product is obtained, which means 
that all B positions are identical. These features indicate 
the following structure for compound A: 


Se 


Compound A 


Treatment of compound A with ethoxide gives alkene B, 
shown below, which undergoes acid-catalyzed hydration 
(Markovnikov addition of water) to give alcohol C: 


Br 
NaOEt 
— 


Compound A Compound B 
a dilute H2SO4 
Compound C 
8.52. 


(a) This conversion requires an anti-Markovnikov 
addition of H and Br across the alkene, which can be 
achieved in just one step, by treating the starting alkene 
with HBr in the presence of peroxides: 


HBr, ROOR 
A n HEROR on 


+En 
(b) This conversion requires a Markovnikov addition of 
H and Br across the alkene, which can be achieved in 
just one step, by treating the starting alkene with HBr: 


An ee MAX 


(c) This conversion requires a Markovnikov addition of 
H and OH across the alkene, which can be achieved via 


acid-catalyzed hydration: 
An = arn 


(d) This conversion requires an anti-Markovnikov 
addition of H and OH across the alkene, which can be 
achieved via hydroboration-oxidation. The process does 
proceed via syn addition, but only one chiral center is 
formed, and the syn addition can take place on either 
face of the alkene, giving a pair of enantiomers. 


Ln wo LN 


+En 


1) BH3- THF 
2) H207, NaOH H205, NaOH 


8.53. When treated with excess molecular hydrogen, 
both z bonds are expected to be reduced. The a bond 
incorporated in the ring can undergo hydrogenation from 
either face of the m bond, leading to the following two 
compounds. These disubstituted cyclohexanes are 
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diastereomers because they are stereoisomers that are not 
mirror images of each other. 


excess H2 


"y 


KOX 


Diastereomers 


8.54. This conversion requires the Markovnikov addition 
of water without carbocation rearrangement. This can be 
achieved via oxymercuration-demercuration: 


OH 
AN 


8.55. In the presence of acid, the epoxide is first 
protonated, which requires two curved arrows, as shown 
below. The resulting intermediate is then attacked by a 
molecule of methanol, which functions as a nucleophile. 
This step requires two curved arrows. Then, in the final 
step of the mechanism, a molecule of methanol functions 
as a base and removes a proton, thereby generating the 
product. This final step is a proton transfer step, and 
therefore requires two curved arrows: 


1) Hg(OAc)2, H20 
2) NaBH, 


racemic 


M 
H—00 H 
Uue Le 
A BA 
‘o 
| H~ ~Me 
ZOS 
E H Me Ei 
MeO HESA 
Me 
8.56. In the first step of the mechanism, a proton is 


transferred from H3O* to the alkene, which requires two 
curved arrows, as shown. The resulting secondary 
carbocation then rearranges via a methyl shift, giving a 
more stable, tertiary carbocation. That step is shown 
with one curved arrow. The tertiary carbocation is then 
captured by a water molecule, which is shown with one 
curved arrow, going from the nucleophile (water) to the 
electrophile (the carbocation). Then, in the final step of 
the mechanism, a molecule of water functions as a base 
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and removes a proton, thereby generating the product. 
This final step is a proton transfer step, and therefore 
requires two curved arrows, as shown: 


/ 


\ 
© 


Methyl 
shift 


20. 
Hl `H 
C HAH Fa 
OH a aO 


ZOS 


H~ `H 


8.57. 

(a) The reagents indicate a hydrogenation reaction, so 
the net result will be the addition of H and H across the 
alkene. The regiochemical outcome is not relevant 
because the two groups added (H and H) are identical. 
We expect the reaction to proceed via a syn addition, 
giving the following meso compound: 


H2 
— 
(PPh3)3RhCI 


meso 


(b) The reagents indicate an acid-catalyzed hydration, so 
the net result will be the addition of H and OH across the 
alkene. We expect a Markovnikov addition, so the OH 
group will be installed at the more-substituted position. 
No chiral centers are formed in the process, so 
stereochemistry is not a relevant consideration: 


pee re 4 


(c) The reagents indicate a hydroboration-oxidation, so 
the net result will be the addition of H and OH across the 
alkene. For the regiochemical outcome, we expect an 
anti-Markovnikov addition, so the OH group is installed 
at the less-substituted position. The stereochemical 
outcome (syn addition) is not relevant in this case, 
because the product has no chiral centers: 


ee PES 


(d) The reagents indicate a dihydroxylation process (via 
an epoxide), so the net result will be the addition of OH 
and OH across the alkene. The regiochemical outcome 


H30* 
— 


1) BH3* THF 
a > 
2) H205, NaOH 
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is not relevant because the two groups added (OH and 
OH) are identical. We expect the reaction to proceed 
via an anti addition. In this case, two chiral centers are 
formed, so we expect the pair of enantiomers resulting 
from an anti addition: 


= = 


1) RCO3H 
2) H30* | 


HO OH 


+ En 


8.58. 

(a) Hydroboration-oxidation gives an anti-Markovnikov 
addition. If l-propene is the starting material, the OH 
group will not be installed in the correct location. Acid- 
catalyzed hydration of 1-propene would give the desired 
product. 

(b) Hydroboration-oxidation gives a syn addition of H 
and OH across a double bond. This compound does not 
have a proton that is cis to the OH group, and therefore, 
hydroboration-oxidation cannot be used to make this 
compound. 

(c) Hydroboration-oxidation gives an anti-Markovnikov 
addition. There is no starting alkene that would yield the 
desired product via an anti-Markovnikov addition. 


8.59. Bromination of cis-2-butene does NOT give the 
desired meso compound: 


Br Br Br 
nr a 
NOT meso 


In contrast, trans-2-butene gives the desired meso 
compound, as shown: 


Therefore, compound X is trans-2-butene. 


8.60. In each of the following cases, we draw the 
necessary alkene by removing the oxygen atoms from 
the product and connecting the sp? hybridized carbon 
atoms to form a C=C bond: 


(a) (b) 
H _ LH 


= 


(O) (d) 

8.61. In the presence of a strong acid, the n bond is 
protonated to give a resonance-stabilized cation (shown 
below), which is even lower in energy than a tertiary 
carbocation. This protonation step determines the 
regiochemical outcome of the reaction, because the 


resonance-stabilized cation is captured by a bromide ion 
to give the product, as shown. 


Br e | > 
RATS) 
O :Br: 


O 
:Br: Ce 


resonance-stabilized 


8.62. 

(a) The two groups being added across the alkene are H 
and H, which can be accomplished by treating the alkene 
with molecular hydrogen (H2) in the presence of a 


suitable catalyst. 
H2 
— > 
Pt 


(b) The two groups being added across the alkene are Br 
and OH in an anti fashion, with the latter being installed 
at the more substituted position. This can be achieved by 
treating the alkene with Brz in the presence of water 
(halohydrin formation): 

OH 


Bro arin 
— + En 
H2O M1 Bp 
(c) Cleavage of the C=C double bond can be achieved 
via ozonolysis: 


CT te J 
— e 
2) DMS ON 
(0) 


(d) The two groups being added across the alkene are H 
and OH. The OH group must be installed at the less- 
substituted carbon atom, so we must use conditions that 
give an anti-Markovnikov addition of H and OH. This 
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can be accomplished via hydroboration-oxidation, which 
proceeds via a syn addition: 


1) BH3- THF aH 
el +En 
2) H202, NaOH 
OH 
8.63. 


(a) Cleavage of the C=C double bond can be achieved 
via ozonolysis: 


O 


1) O3 
2) DMS 


(b) The two groups being added across the alkene are H 
and Br. The latter is installed at the less-substituted 
position, so we must use conditions that give an anti- 
Markovnikov addition of H and Br. This can be 
accomplished by treating the alkene with HBr in the 
presence of peroxides. 

Br. 


HBr 
ROOR 


(c) The two groups being added across the alkene are H 
and OH. The OH group is installed at the less- 
substituted carbon atom, so we must use conditions that 
give an anti-Markovnikov addition of H and OH. This 
can be accomplished via hydroboration-oxidation. 


HO 


1) BH3: THF 
2) H20», NaOH 


(d) The two groups being added across the alkene are 
OH and OH. No chiral centers are formed, so 
stereochemistry is irrelevant. We have learned more 
than one way to achieve a dihydroxylation. For 
example, we can convert the alkene to an epoxide and 
then open the epoxide under aqueous acidic conditions. 


O HO OH 
— os 


Alternatively, we can treat the alkene with catalytic 
osmium tetroxide and a suitable co-oxidant, or even with 
potassium permanganate and NaOH. 


„9804 (catalytic) (catalytic) oO A 


NS KMnO,, NaOH 


cold 
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(e) The two groups being added across the alkene are 
Br and OH, with the latter being installed at the more 
substituted position. This can be achieved by treating the 
alkene with Br2 in the presence of water (halohydrin 
formation): 


HO Br 
Bro 
jr 
H20 


(£) The two groups being added across the alkene are H 
and OH, with the latter being installed at the more 
substituted position (Markovnikov addition). This can 
be achieved via acid-catalyzed hydration: 


OH 
H30* 


(g) The two groups being added across the alkene are H 
and Br. The Br group must be installed at the more- 
substituted, tertiary position, so we must use conditions 
that give a Markovnikov addition of H and Br. This can 
be accomplished by treating the alkene with HBr. 


d= 8 


(h) This transformation requires the elimination of H 
and Br to give the more-substituted alkene, so a strong 
base is required (such as hydroxide, methoxide, or 


ethoxide): 
Br 


(i) The two groups being added across the alkene are H 
and H, which can be accomplished by treating the alkene 
with molecular hydrogen (H2) in the presence of a 


suitable catalyst. 


(j) The two groups being added across the alkene are 
OH and OH, and they must be installed via a syn 
addition. This can be achieved by treating the alkene 
with catalytic osmium tetroxide and a suitable co- 
oxidant, or with potassium permanganate: 


Os0O,4 _Os04 (catalytic) | 
— mo 7” 


N KMnO4 Naoh 7 


cold 
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(k) The two groups being added across the alkene are 
OH and OH, and they must be installed via an anti 
addition. This can be achieved by treating the alkene 
with a peroxy acid, followed by aqueous acid: 


1) RCO3H 
2) H30* 


8.64. Let’s begin by drawing the structures of the 


alkenes under comparison: 
De. Pae S 
4-methyl-1-pentene 


2-methyl-2-pentene 


Addition of HBr to 2-methyl-2-pentene should be more 
rapid because the reaction can proceed via a tertiary 
carbocation. In contrast, addition of HBr to 4-methyl-1- 
pentene proceeds via a less stable, secondary 
carbocation. 


8.65. When treated with molecular bromine (Br2), the 
alkene is converted to an intermediate bromonium ion, 
which is then subject to attack by a nucleophile. We 
have seen that the nucleophile can be water when the 
reaction is performed in the presence of water, so it is 
reasonable that the nucleophile can be H2S in this case. 
This should give the installation of an SH group (rather 
than an OH group) at the more substituted position: 


8.66. We begin by drawing all possible alkenes with the 
molecular formula CsHio (using a methodical approach 
similar to the one described in the solution to Problem 
4.3): 


Five-carbon chain 
1 
ZN ™S 


Four-carbon chain 
2 4 
1 3 
2 4 2 4 
1 3 1 3 


Among these isomers, only two of them will undergo 
hydroboration-oxidation to afford an alcohol with no 
chiral centers, shown here: 


1) BH3* THF 
ANANS 
= 2) H207, NaOH 
OH 
1) BHs*THF * THF 
OOS Byron Neo” 2) H205, NaOH 
OH 


The remaining four isomers will undergo hydroboration- 
oxidation to produce alcohols that do possess a chiral 
center. 


8.67. We expect a syn addition of D and D across the 
alkene, giving a pair of enantiomers: 


D2 
— > 
Pt 


8.68. 

(a) First draw the starting alkene. Treating this alkene 
with HBr will result in a tertiary alkyl halide. But if 
peroxides are present, a radical process will occur, 
resulting in the formation of a secondary alkyl halide, as 


shown: 
Br 
HBr 
— a al 
ROOR 


(b) First draw the starting alkene. Treating this alkene 
with HBr will result in a tertiary alkyl halide, as shown: 


Ya a 


(c) First draw the starting alkene. A syn dihydroxylation 
is required in order to produce a meso diol. We have 
seen several reagents that can be used to accomplish a 
syn dihydroxylation, such as cold potassium 
permanganate: 


KMnO; , NaOH S OH 
z 


J \ cold 


Alternatively, we could achieve the same result with 
catalytic osmium tetroxide and a suitable co-oxidant. 


(d) First draw the starting alkene. An anti 
dihydroxylation is required in order to prepare 
enantiomeric diols. This can be accomplished by 
converting the alkene into an epoxide, followed by acid- 
catalyzed ring opening of the epoxide, as shown. 


1) CH3CO3H 
— 
2) H30* 


AA 
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8.69. 

(a) Begin by drawing the starting alkyl halide. This 
tertiary alkyl halide can be converted into a primary 
alkyl halide via a two-step process (elimination followed 
by addition). In each case, we must carefully consider 
the regiochemical outcome. During the elimination 
process, there is only one regiochemical outcome, so any 
strong base will work (even if it is sterically hindered, 
although that is not necessary). In the addition process, 
we want to install Br at the less-substituted position, so 
we will need an anti-Markovnikov addition of HBr 


(using peroxides): 
wie Br 


1) NaOMe 
2) HBr, ROOR 


a 
(b) Begin by drawing the starting alkyl halide. This 
secondary alkyl halide can be converted into a primary 
alkyl halide via a two-step process (elimination followed 
by addition). In each case, we must carefully consider 
the regiochemical outcome. During the elimination 
process, there is only one regiochemical outcome, so any 
strong base will work (even if it is sterically hindered). 
In fact, in this case, there is a distinct advantage to using 
a sterically hindered base. Specifically, it will suppress 
the competing Sn2 process (the substrate is secondary, so 
Sn2 should be a minor product, unless a sterically 
hindered base is used). During the addition process, we 
want to install Br at the less-substituted position, so we 
will need an anti-Markovnikov addition of HBr (using 
peroxides): 


Br 


8.70. 


(a) Begin by drawing the starting alkene. This 
trisubstituted alkene can be converted into a 
monosubstituted alkene via a two-step process (addition, 
followed by elimination). We must be careful to control 
the regiochemical outcome of each step of the process. 
During the addition reaction, we want to install Br at the 
less-substituted position, so we treat the alkene with HBr 
in the presence of peroxides. Then, the elimination 
reaction must be performed in a way that gives the less- 
substituted alkene, so we must use a strong, sterically 
hindered base (such as fert-butoxide). 
B 


A 


(b) Begin by drawing the starting alkene. This 
disubstituted alkene can be converted into a 
tetrasubstituted alkene via a two-step process (addition, 
followed by elimination). We must be careful to control 
the regiochemical outcome of each step of the process. 
During the addition reaction, we want to install Br at the 
more-substituted position, so we treat the alkene with 
HBr (without peroxides). Then, the elimination process 
must be performed in a way that gives the more- 
substituted alkene, so we must use a strong base that is 


1) t-BuOK 


i—i 
2) HBr, ROOR P a 


1) HBr, ROOR 
2) t-BuOK 


CHAPTER 8 265 


not sterically hindered, such as methoxide (hydroxide or 
ethoxide can also be used). 


1) HBr 
2) NaOMe 


8.71. Since this reaction proceeds through an ionic 
mechanism, we expect the mechanism to be comprised 
of two steps: 1) proton transfer, followed by 2) 
nucleophilic attack. In the first step, a proton is 
transferred from HCl to the alkene, which requires two 
curved arrows, as shown below. There are two possible 
regiochemical outcomes for the protonation step, and we 
might have expected formation of a tertiary carbocation. 
However, in this particular case, the other regiochemical 
outcome is favored because it involves formation of a 
resonance-stabilized cation. As a result of resonance 
stabilization, this cation is even more stable than a 
tertiary carbocation, and the reaction proceeds via the 
more stable intermediate. This cation is then captured by 
a chloride ion in the second step of the mechanism, 
which requires two curved arrows, as shown: 


oe F ai 
a £ NA 


CI 


resonance-stabilized 


8.72. Protonation of the alkene requires two curved 
arrows, as shown in the first step of the following 
mechanism. This leads to the more stable, secondary 
carbocation (rather than a primary carbocation). This 
secondary carbocation then undergoes a rearrangement, 
in which one of the carbon atoms of the ring migrates (as 
described in the problem statement). This is represented 
with one curved arrow that shows the formation of a 
more stable, tertiary carbocation. In the final step of the 
mechanism (nucleophilic attack), the carbocation is 
captured by a bromide ion. This step requires one 
curved arrow, going from the nucleophile (bromide) to 
the electrophile (the carbocation), as shown: 


—_ Ring 
oe H— [X Y ae Expansion 
Br a a 
AO 
= °) 
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8.73. 

(a) Compound X reacts with H2 in the presence of a 
catalyst, so compound X is an alkene. The product of 
hydrogenation is 2-methylbutane, so compound X must 
have the same carbon skeleton as 2-methylbutane: 


AL 


2-methylbutane 


We just have to decide where to place the double bond in 
compound X. Keep in mind that the following two 


positions are identical: 
a 
p Z 2 


1 3 3 
2-methyl-1-butene 2-methyl-1-butene 


So, there are only three possible locations where we can 
place the double bond: 


nA wx 


(b) Upon hydroboration-oxidation, only one of the three 
proposed alkenes will be converted to an alcohol without 
any chiral centers, shown below. Each of the other two 
compounds will be converted into an alcohol with a 


chiral center. 
gem OH 


1) BH3: THF 
2) H207, NaOH 


pe 


8.74. The following is one possible suggested route: 


d © 


oe 


t-BuOK 
— 


1) BH3 + THF 
ELLI] C E 
2) H202, NaOH 
+ En 


Other acceptable solutions are certainly possible. For 
example, after the first step (elimination with tert- 
butoxide), the next two steps (addition of HBr, followed 
by elimination) could be replaced with acid-catalyzed 
hydration, followed by elimination with conc. H2504. 


8.75. There is only one alkene (compound X, shown 
below) that can be converted to 2,4-dimethyl-1-pentanol 
via hydroboration-oxidation. Treatment of that alkene 
with aqueous acid affords an alcohol (via Markvonikov 
addition): 


H30* 
AX X 


1) BH3* THF 
2) H202, 
NaOH 


DAs 


2,4-dimethyl-1-pentanol 


AK 


8.76. The substrate is a secondary alkyl halide, and treatment with tert-butoxide gives the less substituted alkene. 
When that alkene is treated with HBr, the x bond is protonated to give a secondary carbocation (rather than a primary 
carbocation). This carbocation can either be captured by a bromide ion, giving products A and B below, or the 
carbocation can undergo a rearrangement (hydride shift) to give a tertiary carbocation, which is then captured by a 


bromide ion, affording product C. 


Cl 
t-BuOK 
= ae 


“mg 


YoK 
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8.77. There is only one alkene (compound Y, shown below) that is consistent with the information provided in the 


problem statement. 
each of which has a C=O bond, shown below: 


HBr, ROOR 


| es Y 


C7Hi2 


a, 


Ozonolysis of that alkene results in cleavage of the C=C bond to give two separate compounds, 


1) O3 
2) DMS 


eR 
2i 


8.78. Each of the products is an aldehyde, and their sp? hybridized carbon atoms were once connected to each other as 
a C=C bond in the original alkene. That gives the following two possibilities (stereoisomers) for the structure of the 


original alkene: 


8.79. 

(a) In the presence of aqueous acid, the epoxide is first 
protonated (two curved arrows), as shown below. The 
resulting intermediate can then undergo an Sn2-like, 
intramolecular attack (two curved arrows), in which the 
OH group functions as the nucleophilic center. Then, in 
the final step of the mechanism, a molecule of water 
functions as a base and removes a proton, thereby 
generating the product. This final step is a proton 
transfer step, and therefore requires two curved arrows: 


OH H 


ee OH 


(b) In the presence of aqueous acid, the epoxide is first 
protonated (two curved arrows), as shown. The resulting 
intermediate can then undergo an _ Sn?2-like, 
intramolecular attack (two curved arrows), in which the 
m bond functions as the nucleophilic center. Then, in 
the final step of the mechanism, a molecule of water 
functions as a base and removes a proton, thereby 
generating the product. This final step is a proton 
transfer step, and therefore requires two curved arrows: 


8.80. Treatment of the alkyl halide with a strong base 
gives an alkene which can then be converted into the 
desired product via ozonolysis: 


NaOMe 


| 


8.81. When the alkene is treated with molecular bromine 
(Br), the n bond functions as a nucleophilic center and 
attacks Brz (three curved arrows), resulting in an 
intermediate bromonium ion. The bromonium ion is 
then subject to attack by a nucleophilic center, such as 
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the OH group that is tethered to the bromonium group. 
The resulting intramolecular nucleophilic attack (two 
curved arrows) generates an oxonium ion, which then 
loses a proton (two curved arrows) to give the product. 


8.82. When the alkene is treated with molecular iodine 
(l2), the = bond functions as a nucleophilic center and 
attacks I2 (three curved arrows), resulting in an 
intermediate iodonium ion. The iodonium ion is then 
subject to attack by a nucleophile, such as the 
nucleophilic center that is tethered to the iodonium 
group. The resulting intramolecular nucleophilic attack 
(two curved arrows) generates an intermediate which 
then loses a proton (two curved arrows) to give the 
product. 


8.83. The cis-dibromide is not obtained, suggesting that 
the reaction proceeds via an anti addition process. This 
can be explained if we argue that the carbocation 
(formed upon protonation of the m bond) is converted 
into a bromonium ion, as shown here. The incoming 
nucleophile (bromide) would have to attack from the 


backside of the bromonium bridge, giving a trans 
dibromide: 


Br 


8.84. Inspection of the molecular formula reveals that 
compound A contains the same number of carbon atoms 
as the product of ozonolysis, compound B (21 carbon 
atoms). Thus, we can predict the structure of compound 
A by choosing any two carbonyl (C=O) groups in the 
product, removing the oxygen atoms, and connecting the 
sp” hybridized carbon atoms with a double bond. There 
are three carbonyl groups, so there are three possible 
alkenes that should be considered. 


Compound B 


Attachment of carbons 1 and 2 would result in a complex 
ring system with far too much strain to possibly exist. 
Carbons 1 and 2 are remotely located on opposite ends of 
the molecule, pointing in opposite directions. Indeed, we 
will later learn that this polycyclic skeletal structure is 
very rigid, and the hypothetical connection of carbons 1 
and 2 is impossible. 


Similarly, if carbons 1 and 3 were attached it would also 
result in significant strain (below). Though these 
carbons are closer than 1 and 2, and they are linked by a 
slightly more flexible chain, the trans relationship of the 
two connecting groups creates too much angle strain: 
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The only logical reactant is one in which carbons 2 and 3 Ozonolysis of compound A will produce compound B. 
are connected in a fused cyclopentene precursor. This is 
the structure of compound A. 


Compound A 


Compound B 


8.85. 
(a) The reagents indicate a hydroboration-oxidation, in which an alkene is converted to an alcohol. In compound 1, 
there are two alkene groups, so we must choose which one is more likely to react with BH3. One alkene group is 
disubstituted, while the other is tetrasubstituted: 

O 


O O o 


Tetrasubstituted E DT 
are. 
(0) 1 


Since the rate of hydroboration is particularly sensitive to steric factors, we expect the disubstituted alkene group to 
undergo hydroboration more readily. 


Disubstituted 


(b) As mentioned in part (a), hydroboration is sensitive to steric considerations. When we inspect both vinylic 
positions, we find that both are equally substituted. The tie-breaker will likely be the nearby presence of a six- 
membered, aromatic ring, which provides significant steric crowding that favors the following regiochemical outcome: 


In predicting the stereochemical outcome, we once again invoke the steric bulk of the six-membered, aromatic ring. 
Specifically, the front face of the alkene group is blocked by the large six-membered, aromatic ring. As a result, the 
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back face of the alkene is more accessible, so the reaction occurs more readily on the back face, giving the following 
expected product: 


8.86. 
The bromonium ion is unusually resistant towards nucleophilic attack by the bromide anion because of significant 
steric hindrance involved when the anion approaches the electrophilic carbon atoms of the bromonium ion. 


Brie 


Too sterically hindered 
for nucleophile to attack 


Thus, there is a very large activation energy associated with this bromonium ion being attacked by a nucleophile. This 
can be illustrated by comparing the following reaction coordinate diagrams. 


Energy Energy 


Reaction Coordinate Reaction Coordinate 
(propylene) (adamantylideneadamantane) 


The first figure (left) is the expected energy diagram for bromination of propylene, while the second figure (right) is a 
proposed energy diagram for bromination of adamantylideneadamantane. The first step in each figure is similar, but 
compare the second step in each figure (nucleophilic attack of the bromonium ion). For bromination of 
adamantylideneadamantane, the magnitude of the activation energy for the second step is so large that this step does 
not take place at an appreciable rate. 


8.87. 


Hydroboration of an alkene typically occurs with equal probability from both faces of the 7-bond. However, in the case 
of a-pinene, the top face of the 2-bond is blocked by one of the methyl substituents, so the approach of borane on this 
face of the n-bond is severely hindered. Therefore, hydroboration cannot occur at an appreciable rate on the top face of 
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the m-bond. However, the bottom face of the n-bond is unhindered; it is much more accessible to hydroboration. As a 
result, boron and hydrogen add in a syn-fashion to the bottom face of a-pinene resulting in the IpcBH2 enantiomer 
shown; as always, boron is added to the less hindered position on the alkene. 


H H top face 


S is blocked 
„H 
H h aer 
a 
SAX, H 


Soo H B 
bottom face s H~ ~~ 
is accessible H—B 


lpcBH2 


H 


H 
Notice that the methyl group of the alkene is now occupying an axial position in the product. 


Next, the m-bond of a second molecule of a-pinene will react with IpcBH2, also from the same face, to 
produce the observed enantiomer of Ipc2BH. 


— 


lpc2BH 


8.88. 


Building a molecular model is perhaps the best way to see that the bottom face of the nz bond is more hindered than the 
top face. Alternatively, this can be seen if we redraw the compound in a Haworth projection: 


Notice that the 2 bond is in the plane of the ring, and the large and bulky OSEM group is positioned below the plane of 
the ring, directly underneath the n bond. As such, the bottom face of the x bond is sterically encumbered, so approach 
of the oxidizing agent (OsOs) from that face is blocked (it would involve a transition state that is too high in energy). 
Attack on the top face is unencumbered, so it involves a lower energy transition state, and as a result, the reaction 
occurs more readily on this face. 
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8.89. 

(a) As indicated in the problem statement, sodium bicarbonate functions as a base and deprotonates the carboxylic acid 
group to give a carboxylate ion. Then, the m bond reacts with I2 to give an iodonium ion (similar to a bromonium ion), 
which is then opened via an intramolecular nucleophilic attack to give the product: This process is called 
iodolactonization, because the product features a newly installed cyclic ester group (a lactone) as well as an iodo group: 


Now we are ready to look down the C4-C5 bond, like this: 


R' observer 


Let’s rotate this entire Newman projection by 90° (which does not change the conformation at all) so that we can 
clearly see the top face and bottom face of the m bond: 
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top face 


CH3 


R- 
R 


H 
bottom face 


Notice that the two largest groups (R and R’) are farthest away from each other. In our search for the lowest energy 
conformation, this conformation should be the first one that we examine, because significant steric interactions will be 
present if R and R' are near each other in space. When we analyze this conformation, we see two additional factors 
contributing to its overall energy: 1) gauche interactions between the methyl group and the R group, and 2) an 
eclipsing interaction between R' and a hydrogen atom. The former can be avoided by rotating the front carbon atom 
counterclockwise, like this: 


CH3 H3C 
R' H aw H mn 
Y 5 iR R 


We have traded one eclipsing interaction for another (presumably similar), but notice that we have lost the gauche 
interaction. Accordingly, we expect this conformation to be the most stable conformation, looking down the C4-C5 
bond. This means that the molecule will spend most of its time in this conformation. Notice that, in this lowest energy 
conformation, the bottom face of the z bond is sterically hindered, while the top face is relatively unhindered: 


HaC top face 
H ww H 
H 
R 
1 
=— Steric 
crowding 
bottom face 


That is, the top face is more accessible (most of the time). As such, if I2 approaches from the top face of the n bond, 
the transition state will be lower in energy then if attack occurs from the bottom face. So attack of the top face occurs 
more readily. 


8.90. Each of the double bonds is cleaved, giving the Answer (c) is the only structure that is not among these 
following products: products. 


8.91. Answer (a) is not correct, because the OH group 
would be installed at the more substituted position, as 


shown here: 
H,0* 
HO 


Answer (b) is not correct, because the OH group would 
be installed at the less substituted position, as shown 


here: 
\ 1) BH: THF 2 
/ 2) H202, NaOH 
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Answer (c) is not correct, because a rearrangement is 
possible, giving a mixture of products: 


A 


Only one of these products is the desired product, so this 
method is not efficient. 

Answer (d) is the correct answer, because hydroboration- 
oxidation involves installation of an OH group at the less 


substituted position: 
, | OH 


8.92. Acid-catalyzed hydration is believed to occur via 
the following mechanism: 


H30* 


——__> 


1) BH3 -THF 
2) H205, NaOH 


Dilute H2804 


As shown, this mechanism has two intermediates, which 
correspond with structures I and II. Therefore, the 
correct answer is (b). 


8.93. 

The oxymercuration reaction involves an electrophilic 
mercuric cation reacting with a nucleophilic x bond of an 
alkene in an addition reaction. So, as the m bond of the 
alkene is rendered less nucleophilic due to electron- 
withdrawing substituent(s), the reaction rate is expected 
to decrease. Also, steric effects may come into play as 
the number of substituents around the r bond increases. 
Among the alkenes listed, alkene 1 is disubstituted while 
4 is trisubstituted. All of the rest are monosubstituted 
alkenes. Given that alkyl substituents are generally 
electron-donating groups, we would expect 1 and 4 to be 
the most reactive. More specifically, compounds 1 and 4 
are the only ones capable of having a tertiary carbocation 
as a resonance contributor in the mercurinium ion 
intermediate. Therefore, these mercurinium ions are 
expected to be among the most stable ones, and hence, 
the oxymercuration reactions of these two alkenes are 
expected to proceed the fastest. This expectation does 
not bear itself out for alkene 4 in the relative reactivity 
data, however, since it is among the slower reacting 
compounds. This anomaly must be due to the steric 
repulsion associated when the mercuric cation tries to 
approach the m bond, or a destabilizing steric effect 
present in the resulting mercurinium ion intermediate 
between these substituents and the bound mercury ion. 


The monosubstituted alkenes 2, 3 and 5 are all less 
reactive than 1 because their corresponding mercurinium 
ions involve resonance structures with a secondary 
carbocation, thus resulting in higher energy than the 
mercurinium ion obtained from compound 1. Alkene 3 
reacts slower than 2 due to electron-withdrawal from the 
—OMe group, which would destabilize the mercurinium 
ion by further reducing the electron density of the 
resulting secondary carbocation resonance contributor. A 
similar inductive effect would also destabilize the 
mercurinium ion from alkene 5, but an additional steric 
destabilization due to the large chlorine atom may also 
be in effect to make this alkene the slowest reacting 
compound among the series. 


8.94. 

The hydroboration reaction involves an electrophilic 
borane (or, organoborane such as 9-BBN) reacting with a 
nucleophilic alkene in an addition reaction. So, as the 7 
bond of the alkene is rendered more nucleophilic due to 
electron-donating substituent(s), the reaction rate is 
expected to increase. Steric effects (that arise because of 
the bulky reagent) are also expected to play an important 
role in determining the relative rates of reactivity. 


(a) Alkene 1 possesses an alkoxy substituent (OR) in an 
allylic position. An alkoxy group is expected to be 
inductively electron-withdrawing, because oxygen is an 
electronegative atom and will therefore withdraw 
electron density away from the a bond. This effect 
should render the m bond less reactive (less 
nucleophilic). However, the alkoxy group is expected to 
be electron-donating via resonance, as seen when we 
draw the resonance structures: 


Orrar <—_ > oo" 
ae © 


So there are two effects in competition with each other. 
The alkoxy group is expected to be electron-withdrawing 
via induction, but it is expected to be electron-donating 
via resonance. Which effect is stronger? We have seen 
that, in general, resonance is a stronger effect than 
induction. As such, we would expect the alkoxy group 
to be electron-donating, which would render the alkene 
more nucleophilic (more reactive). This prediction is 
verified by the high rate of reactivity of compound 1. 
The m bond in compound 2 is adjacent to an alkyl group, 
rather than an alkoxy group, so there is no resonance 
effect. The only effect is induction (we have seen that 
alkyl groups are generally electron donating). As such, 
the nucleophilicity of the 2 bond in compound 2 is 
expected to be enhanced by the presence of the alkyl 
group, but it is not expected to be quite as nucleophilic as 
the m bond in compound 1. 

Compounds 3 and 5 both exhibit a CH2 group in between 
the z bond and the substituent. As such, the substituents 
in these compounds do not affect the a bond via 
resonance effects; only via inductive effects. Both 
substituents are expected to be inductively electron- 
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withdrawing. Therefore, the n bonds in these cases are 
less electron-rich than in compounds 1 or 2. The acetoxy 
group of alkene 5 is expected to be a stronger electron- 
withdrawing group than the methoxy group of 3 since 
the carbonyl group in the former compound will enhance 
the electron-withdrawing ability of the oxygen atom via 
resonance. Compound 4 is interesting in that the acetoxy 
oxygen atom is expected to be an electron-donating 
group with respect to the alkene m bond (via resonance), 
much like the oxygen atom in compound 1. From the 
relative reactivity data, however, the lone pairs on the 
acetoxy oxygen are apparently less efficient at donating 
to the carbon-carbon m bond. This can be explained by 
recognizing that the lone pairs on the acetoxy oxygen are 
already partially delocalized into the carbonyl group: 


Ox o 
Ags D Aes 


That is, the lone pairs on the acetoxy oxygen are less 
available to donate electron density to the a bond. 
Therefore, the acetoxy group of 4 influences the 
reactivity primarily through its inductive and steric 
effects, which will be much like that of the substituents 
in compounds 3 and 5. 
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(b) Compound 6 is apparently able to impose the 
electron-withdrawing effect due to induction of the -CN 
group on the alkene mz bond via the shorter o bond (due 
to the sp°-sp orbital overlap) between the CH2 and the 
CN groups, and thus the closer proximity of the partial 
positive charge to the z electrons of the alkene. This is 
apparent when comparing the relative rates between 
compounds 5 and 6. Here, though the oxygen atom in 
compound 5 is more electronegative than carbon, the 
carbon atom of the cyano group apparently possesses a 
very large partial positive change that effectively renders 
this carbon atom more electronegative than that of the 
acetoxy oxygen atom of 5. The low reactivity associated 
with compound 7 may be due to both induction and 
steric effects, since the inductive withdrawal of electron 
density by the chlorine atom is not expected to exceed 
the substituent in compound 5. 


(c) Compounds 2, 8 and 9 illustrate the consequences of 
steric effects on the hydroboration reaction. Compounds 
8 and 9 are the only disubstituted alkenes among the 
series, and it is not surprising that they have the lowest 
relative reactivity, due to increased steric effects. They 
are more than 100 times lower in reactivity than 
compound 2, the only monosubstituted alkene with no 
significant electronic effects (ie. resonance and 
induction). In compound 9, the electron-withdrawing 
effect of the chlorine atom, which is superimposed upon 
the increased steric effect, further lowers the reactivity. 


8.95. When approaching this problem, it would be advisable to first label the carbon side chain coming off the benzene 
ring so that you can determine what new connections have been made. Your numbering system does not need to 
conform to IUPAC rules for assigning locants. Rather, it is OK to use an arbitrary numbering system, because the goal 
of the numbering system is to track the fate of all atoms during the transformation: 


With this numbering system, the benzene ring is attached to C2 of the chain and the phenolic oxygen is attached to C6 


of the chain. 
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Based on this, a possible mechanism is illustrated below. Protonation of the tertiary alcohol, followed by loss of water, 
gives the stable tertiary benzylic carbocation (at C2). Markovnikov attack by the terminal alkene (C6 and C8) at the 
tertiary benzylic carbocation affords a tertiary carbocation at C6. This carbocation is then attacked by the phenolic 
oxygen to afford the final product after removal of the acidic proton. 


8.96. 

The first step involves formation of a bromonium ion, which requires three curved arrows (See Mechanism 8.5), 
followed by an intramolecular nucleophilic attack in which the OH group functions as a nucleophilic center and attacks 
the bromonium ion. Deprotonation then affords a cyclic ether. In the last step, a methoxide ion functions as a base and 
removes a proton, which leads to expulsion of bromide in an E2 process. 


You might be wondering about the stereochemistry of the last step (the E2 process). In general, E2 processes occur 
more rapidly when the H and the leaving group are anti-periplanar in the transition state. However, it is possible for an 
E2 process to occur via a transition state in which the H and leaving group are syn-periplanar. In general, this is not 
favored (the transition state is high in energy because all groups are eclipsed rather than staggered), but in this case, the 
rigid geometry of the polycyclic structure essentially locks the H and the leaving group into a syn-periplanar 
arrangement, where the H and the leaving group are eclipsing each other. As such, the reaction can occur, because the 
minimum requirement of periplanarity is still met. 
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Alkynes 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 9. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 
Vocabulary. 


e A triple bond is comprised of three separate bonds: one bond and two bonds. 
e  Alkynes exhibit geometry and can function either as bases or as 


e Monosubstituted acetylenes are terminal alkynes, while disubstituted acetylenes are 


alkynes. 

e Catalytic hydrogenation of an alkyne yields an 

e A dissolving metal reduction will convert an alkyne into a alkene. 

e Acid-catalyzed hydration of alkynes is catalyzed by mercuric sulfate to produce an that 
cannot be isolated because it is rapidly converted into a ketone. 

e  Fnols and ketones are , which are constitutional isomers that rapidly interconvert 


via the migration of a proton. 
e When treated with ozone, followed by water, internal alkynes undergo oxidative cleavage to 


produce i 
e  Alkynide ions undergo when treated with an alkyl halide (methyl or primary). 
Review of Skills 


Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 
the end of Chapter 9. The answers appear in the section entitled SkillBuilder Review. 


9.1 Assembling the Systematic Name of an Alkyne 


PROVIDE A SYSTEMATIC NAME FOR THE FOLLOWING COMPOUND 


| | | 1) IDENTIFY THE PARENT 
2) IDENTIFY AND NAME SUBSTITUENTS 
3) ASSIGN LOCANTS TO EACH SUBSTITUENT 
4) ALPHABETIZE 


9.2 Selecting a Base for Deprotonating a Terminal Alkyne 


CIRCLE THE SIDE OF THE EQUILIBRIUM THAT IS FAVORED IN THE FOLLOWING ACID-BASE REACTION 


O 
R-C=C-H + :OH = R-C=C: + H20 
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9.3 Drawing a Mechanism for Acid-Catalyzed Keto-Enol Tautomerization 


DRAW TWO CURVED ARROWS SHOWING DRAW THE RESONANCE STRUCTURES 
PROTONATION OF THE M BOND OF THE INTERMEDIATE 
[OH P 
H~, O® 
H 
< 


DRAW TWO CURVED ARROWS SHOWING 
DEPROTONATION TO FORM THE KETONE 


9.4 Choosing the Appropriate Reagents for the Hydration of an Alkyne 


IDENTIFY REAGENTS THAT CAN ACHIEVE EACH OF THE FOLLOWING TRANSFORMATIONS 


, Gy Ee aan 
KAS a) 


ener 


(0) 


9.5 Alkylating Terminal Alkynes 


IDENTIFY REAGENTS THAT WILL ACHIEVE THE FOLLOWING TRANSFORMATION: 


1) 


S 
2) paN 
— 


M 


3) 


_ 


9.6 Interconverting Alkenes and Alkynes 


IDENTIFY REAGENTS THAT WILL ACHIEVE THE FOLLOWING TRANSFORMATIONS: 


320 
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Review of Reactions 


Identify the reagents necessary to achieve each of the following transformations. To verify that your 
answers are correct, look in your textbook at the end of Chapter 9. The answers appear in the section 
entitled Review of Reactions. 


vy) 
\=0 
Q 
+ 
O=N0=0 
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Common Mistakes to Avoid 

When drawing a mechanism for the acid-catalyzed tautomerization of an enol, the first step is protonation. 
Students sometimes get confused about where to place the proton during this first step. Indeed, there are 
two possible locations where protonation could occur (a lone pair or the m bond): 


lone ee 
pair ——» OH 
T 
<=} bond 


Don’t forget that it is the n bond that is protonated during tautomerization of the enol. It is a common 
student error to protonate the OH group, like this: 


If you make this mistake, you might then be tempted to make another critical mistake - formation of a vinyl 
carbocation, which is likely too unstable to form (and does not get us any closer to obtaining the ketone). 


Ho H WRONG 
- H2O © 


O 
A -o 


unstable 
Whenever possible, avoid the formation of high-energy intermediates that are unlikely to form. This is a 
general rule that should be followed whenever you are drawing a mechanism (exceptions are rare). The 
correct first step for acid-catalyzed tautomerization of an enol is protonation of the m bond to generate a 
resonance-stabilized cation: 


CORRECT 
N 5 
H10 


e | a 


There is one other (unrelated) common error that should be avoided. When designing a synthesis in which 
acetylene is alkylated twice, make sure to alkylate each side separately, even if both alkyl groups are the 
same: 


Installation of 
first alkyl group 


Sa 1) NaNH2 
2)RI RS 
3) NaNH> 


a ARI 


Installation of 
second alkyl 
group 


S 


It is a common student error to show the reagents just one time, assuming that alkylation will occur on both 
sides of acetylene. If the reagents for alkylation are only shown once, then alkylation will only occur once: 


1) NaNH> S 
WN ee SS 
= 2) Mel Me 
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Useful Reagents 


CHAPTER 9 


The following is a list of commonly encountered reagents for reactions of alkynes: 


281 


Reagents Name of Reaction Description of Reaction 
1) excess NaNH2 eae When treated with these reagents, a vicinal or geminal 
Elimination : ae 
2) H,O dibromide is converted to an alkyne. 
When treated with HX, an alkyne undergoes 
HX Hydrohalogenation | Markovnikov addition (excess HX gives two addition 
reactions to afford a geminal dihalide). 
When treated with these reagents, a terminal alkyne 
H2SO4, H20, HgSO4 | Acid-cat. hydration | undergoes Markovnikov addition of H and OH to give 
an enol, which quickly tautomerizes to give a ketone. 
When treated with these reagents, a terminal alkyne 
1) R2BH Hydroboration- undergoes anti-Markovnikov addition of H and OH to 
2) H202, NaOH oxidation give an enol, which quickly tautomerizes to give an 
aldehyde. 
x Halozenation When treated with this reagent, an alkyne undergoes 
‘ eee addition of X and X (excess Xz gives a tetrahalide). 
When treated with these reagents, an alkyne undergoes 
1) 03 oxidative cleavage of the C=C bond. Internal alkynes 
Ozonolysis are converted into two carboxylic acids, while terminal 
2) H20 alkynes are converted into a carboxylic acid and carbon 
dioxide. 
Hp, Lindlar’s y When treated with these reagents, an alkyne is converted 
Hydrogenation . 
catalyst to a cis-alkene. 
Hb, Pt Hydrogenation When treated with these reagents, an alkyne is converted 
to an alkane. 
Dissolving metal When treated with these reagents, an internal alkyne is 
Na, NH3 (/) f 
reduction converted to a trans-alkene. 
Solutions 
9.1. case, the triple bond is at C3 regardless of which way we 


(a) We begin by identifying the parent. The longest 
chain is six carbon atoms, so the parent is hexyne. There 
are no substituents. We must include a locant that 
identifies the position of the triple bond (“3” indicates 
that the triple bond is located between C3 and C4). This 
is determined by numbering the parent, which can be 
done in this case either from left to right or vice versa 
(either way gives the same result). 


3-Hexyne 


(b) We begin by identifying the parent. The longest 
chain is six carbon atoms, so the parent is hexyne. There 
is one substituent — a methyl group (highlighted). In this 


number the parent, so the parent chain is numbered 
starting from the side that gives the substituent the 
lowest possible number. According to this numbering 
scheme, the methyl group is located at C2: 


2-Methyl-3-hexyne 


(c) We begin by identifying the parent. The longest 
chain is eight carbon atoms, so the parent is octyne. 
There are no substituents. We must include a locant that 
identifies the position of the triple bond. The parent 
chain is numbered so that the triple bond is assigned the 
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lowest possible locant (“3” indicates that the triple bond 
is located between C3 and C4). 


2 
os 1 
FZ 
Ver 3 
5 
3-Octyne 


(d) We begin by identifying the parent. The longest 
chain is four carbon atoms, so the parent is butyne. 
There are two substituents — both methyl groups 
(highlighted). We number the parent so that the triple 
bond receives the lowest possible locant (C1). 
According to this numbering scheme, the methyl groups 
are both located at C3: 


3,3-Dimethyl-1-butyne 


(e) We begin by identifying the parent. The longest 
chain containing the triple bond has nine carbon atoms, 
so the parent is nonyne. There are two substituents 
(highlighted) — a methyl group and a propyl group. We 
number the parent so that the triple bond receives the 
lowest possible locant (C1). According to this 
numbering scheme, the propyl group is located at C5 and 
the methyl group is located at C7. These substituents are 
arranged alphabetically in the name: 


7-methyl-5-propyl-1-nonyne 


(f) We begin by identifying the parent. The longest 
chain containing the triple bond has ten carbon atoms, so 
the parent is decyne. There are three substituents 
(highlighted) — two methyl groups and an ethyl group. 
We number the parent so that the triple bond receives the 
lowest possible locant (C3). According to this 
numbering scheme, the ethyl group is located at C5 and 
the methyl groups are both located at C7. These 
substituents are arranged alphabetically in the name 
(ethyl before methyl): 


4 


SS 


5-ethyl-7, 7-dimethyl-3-decyne 


(g) We begin by identifying the parent. The longest 
chain containing the triple bond has ten carbon atoms, so 
the parent is decyne. There are many substituents 
(highlighted). We number the parent so that the triple 
bond receives the lowest possible locant (C2), and the 
substituents are arranged alphabetically in the name 
(chloro, then ethyl, and then methyl): 


10 8 6 4 


CI (Cl 
1,1,1-trichloro-8-ethyl-4 ,4-dimethyl-2-decyne 


9.2. 

(a) The parent (pentyne) indicates a chain of five carbon 
atoms. The triple bond is between C2 and C3, and there 
are two methyl groups (highlighted), both located at C4. 


4,4-Dimethyl-2-pentyne 


(b) The parent (heptyne) indicates a chain of seven 
carbon atoms. The triple bond is between C3 and C4, 
and there are three substituents (highlighted) — two 
methyl groups (at C2 and C5), as well as an ethyl group 


at C5. 
6 7 
1 


5-Ethyl-2,5-dimethyl-3-heptyne 


9.3. The parent is cyclononyne, so we draw a nine- 
membered ring that incorporates a triple bond. The triple 
bond is (by definition) between C1 and C2, and a methyl 
group is located at C3. This position (C3) is a chiral 
center, with the R configuration, shown here: 


1 2 


3 S 


9.4. The parent chain contains eight carbon atoms with 
two methyl substituents. Numbering so that the triple 
bond receives the lowest possible locant, the two methyl 
groups are located at C3 and C7: 


\ 
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Notice that there is a chiral center at C3. The complete 


IUPAC name must include the configuration of this 3 4 4 3 
chiral center using the Cahn-Ingold-Prelog system. 4 — AL 
Priorities are assigned in the following way: B s 
1 2 yr‘ 
Pnoiitizätion Scheme Putting it all together, the IUPAC name of this alkyne is 
H (R)-3,7-dimethyl-1-octyne (using the old IUPAC rules) 
H or (R)-3,7-dimethyloct-l-yne (using the new IUPAC 
a rules). Both names are acceptable. 
(CG) 1H) 4 
As 9.5. 
ge 92 (a) Yes, as seen in Table 9.1, NaNH2 is a sufficiently 
C 2 E C strong base to deprotonate a terminal alkyne. 
G H (b) Yes, as seen in Table 9.1, NaH is a sufficiently 
Cc H strong base to deprotonate a terminal alkyne. 
(c) No, as seen in Table 9.1, tBuOK is not a 


sufficiently strong base to deprotonate a terminal alkyne. 
Notice that the low-priority group is in the front rather 
than the back. So, we rotate the molecule (thereby 
placing the fourth priority on a dash), and we assign the 
configuration (R): 


9.6. 
(a) Lithium acetylide is the lithium salt of the conjugate base of acetylene, which is formed when a suitably strong base 
removes a proton from acetylene: 


O © 
— f) x Base Li me = 
H—C=C—H =y H—C=C:; i + H— Base 


Lithium acetylide 


(b) As seen in Table 9.1, hydroxide is not a sufficiently strong base to deprotonate a terminal alkyne. Therefore, LIOH 
cannot be used to prepare lithium acetylide, since the reverse reaction would be favored: 


H—C=C—H + LIOH = H—c=c° LÊ H20 
Weaker acid Stronger acid 
(pKa = 25) (pKa = 15.7) 


However, BuLi is a sufficiently strong base to deprotonate a terminal alkyne and can be used to prepare lithium 
acetylide: 


O © L00 
H-C=C-H # A 1 > H—-C=c: Li + YNZ 
Stronger acid Weaker acid 
(pKa = 25) (pKa = 50) 


LDA is a base with a negative charge on a nitrogen atom, so we expect that it will be similar (in base strength) to 
sodium amide (NaNH2). Therefore, LDA will be a sufficiently strong base to deprotonate a terminal alkyne and can be 
used to prepare lithium acetylide, as shown below. The pKa value of diisopropyl amine (R2NH, where R = isopropyl) is 
not given in Table 9.1, but we can assume that its pKa is similar in magnitude to the pKa of NH3 (~ 38). 


H-C=C-H + Jk pe — > Hcc uP + A 
N o H 
O Li 


Stronger acid 
(pKa = 25) Weaker acid 
(pKa = ~38) 
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9.7. 
(a) The starting material is a geminal dibromide. When 


treated with excess sodium amide (NaNHz2), two, 
successive E2 reactions occur (each of which requires 
three curved arrows, as shown below). The resulting 
terminal alkyne is then deprotonated to give an alkynide 
ion: 


a A H 
Sr = Cer 
HNO 


After the reaction is complete, water (H20) is introduced 
into the reaction flask to protonate the alkynide ion, 


thereby giving the terminal cal 
5 ree 


(b) The starting material is a vicinal dichloride. When 
treated with excess sodium amide (NaNHz2), two, 
successive E2 reactions occur (each of which requires 
three curved arrows, as shown below). The resulting 
terminal alkyne is then deprotonated to give an alkynide 


ion: 
CI H H 
e 


HNO 


=A 


—_= 


After the reaction is complete, water (H20) is introduced 
into the reaction flask to protonate the alkynide ion, 


thereby giving the terminal alkyne: 


9.8. Deprotonation of 2-pentyne generates a resonance-stabilized anion, which is then protonated by NH3 to give an 
allene (a compound featuring a C=C=C unit). The allene is then deprotonated to give a resonance-stabilized anion, 
which is then protonated by NH3 to give 1-pentyne. Deprotonation of this terminal alkyne gives an alkynide ion. 
Formation of this alkynide ion pushes the equilibrium to favor this isomerization process. 


H H H ON H H H H 
l 1l <! NH2 LI A De | | © P 
ae eE A eas i ae a 
H H H H H H H H H 
2-Pentyne 
i 
UNE. 
H H 
Han rite (ee p 
-S J 
H-C—C—-C-C=C-H =<—> cea A a = H-Ç-¢-C=c=0> 
I ] be 
H-H SÌ H H U H H H 
| An allene 
y 
N2 
H H 
A i H 4) or R H p Formation of the alkynide ion 
H—C—C—C—C=C—H = H—-C—C—C—C=C: pushes the equilibrium to favor 
fet J bol J isomerization 
H H H H A H 
1-Pentyne An alkynide ion 
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9.9. 

(a) When hydrogenation is performed in the presence of 
a poisoned catalyst (such as Lindlar’s catalyst), the 
alkyne is reduced to a cis alkene. When Pt is used as the 
catalyst, the alkyne is reduced all the way to an alkane, 


as shown here: 
H2 = 
/  Lindlar's 


catalyst 


\ SO 
Pt 
(b) When hydrogenation is performed in the presence of 
a poisoned catalyst (such as Ni2B), the alkyne is reduced 


to a cis alkene. When nickel is used as the catalyst, the 
alkyne is reduced all the way to an alkane, as shown 


here: 
H2 
/ NB 
a o 
à Clo 
9.10. 


(a) When treated with sodium in liquid ammonia, the 
alkyne is converted to a trans alkene: 


©- 


ae a 


(b) When treated with sodium in liquid ammonia, the 
alkyne is converted to a trans alkene: 


Sah 


(c) When treated with sodium in liquid ammonia, the 
alkyne is converted to a trans alkene: 


(d) When treated with sodium in liquid ammonia, the 
alkyne is converted to a trans alkene: 


Ag 
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9.11. 

(a) When the alkyne is treated with molecular hydrogen 
(H2) in the presence of a poisoned catalyst (such as 
Lindlar’s catalyst), the alkyne is reduced to a cis alkene. 
If instead, the alkyne is treated with sodium in liquid 
ammonia, a dissolving metal reduction occurs, giving a 
trans alkene, as shown: 


= 


H2 T 


/ Undies 
catalyst 


Na Ww 
NH3 (/) 


(b) When the alkyne is treated with sodium in liquid 
ammonia, a dissolving metal reduction occurs, giving a 
trans alkene. If instead, the alkyne is treated with 
molecular hydrogen (H2) in the presence of a catalyst 
such as platinum (NOT a poisoned catalyst), the alkyne 
is reduced to an alkane, as shown: 


Na 


S 
S NH; () ~x 


9.12. The product is a disubstituted alkene, so the 
starting alkyne must be an internal alkyne (rather than a 
terminal alkyne): 


Ri—==—Ro2 ——> 


R 
R © 7 


Internal alkyne Disubstituted alkene 
The molecular formula of the alkyne indicates five 
carbon atoms. Two of those atoms are the sp hybridized 
carbon atoms of the triple bond. The remaining three 
carbon atoms must be in the R groups. So, one R group 
must be a methyl group, and the other R group must be 
an ethyl group: 


ae 


9.13. 

(a) The starting alkyne is terminal, and when treated 
with excess HCl, two successive addition reactions 
occur, producing a geminal dihalide. The two chlorine 
atoms are installed at the more substituted, secondary 
position, rather than the less substituted, primary 
position: 


Xs 
HCl Cl CI 
Cl 4 
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(b) The starting material is a geminal dichloride, and 
treatment with excess sodium amide (followed by work- 
up with water) gives a terminal alkyne. 


cl 1) xs NaNH2/ NH3 
> 
2) H2O 
cl 


S 
(c) The starting alkyne is terminal, and when treated 
with excess HBr, two successive addition reactions 
occur, producing a geminal dibromide. The two bromine 
atoms are installed at the more substituted, secondary 
position, rather than the less substituted, primary 


position: 
pw 


S 
LA n. 


(d) The starting material is a geminal dibromide, and 
treatment with excess sodium amide (followed by work- 
up with water) gives a terminal alkyne. 


Br 


wW 
5 


A 


O 


(e) The starting material is a geminal dichloride, and 
treatment with excess sodium amide (followed by work- 
up with water) gives a terminal alkyne. When this 
alkyne is treated with HBr, in the presence of peroxides, 
an anti-Markovnikov addition occurs, in which Br is 
installed at the less substituted position. This gives rise 
to two stereoisomers, as shown: 


1) xs NaNH2/ NH3 
> 
2) H2O 


cl. Cl 
Za 
1) xs NaNH2/ NH3 
rl 
2) H20 
HBr, 
NN SC Br ROOR 
+ 
Br 


(f) The starting material is a geminal dichloride, and 
treatment with excess sodium amide (followed by work- 
up with water) gives a terminal alkyne. When this 


9.16. 


alkyne is treated with excess HBr, two addition reactions 
occur, installing two bromine atoms at the more 
substituted position (Markovnikov addition), as shown: 


cl CI 
Za 
1) xs NaNH>/ NH3 
> 
2) H2O 


excess 
HBr 


Br. Br 


9.14. The starting material is a geminal dichloride, and 
the product is also a geminal dichloride. The difference 
between these compounds is the placement of the 
chlorine atoms. We did not learn a single reaction that 
will change the locations of the chlorine atoms. But the 
desired transformation can be achieved via an alkyne. 
Specifically, the starting material is treated with excess 
sodium amide (followed by water work-up) to give the 
terminal alkyne, which is then treated with excess HCl to 
give the desired compound: 


na. al 


CI 


1) xs NaNH2/ NH3 
2) H2O 


cl CI excess L 
HCI PAO 


9.15. If two products are obtained, then the alkyne must 
be internal and unsymmetrical. There is only one such 
alkyne with the molecular formula CsHs (shown below). 
The products are also shown: 


xs HBr 


(a) Under acid-catalyzed conditions, the enol is first protonated (which requires two curved arrows) to generate a 
resonance-stabilized cation. Notice that the bond (of the enol) is protonated in this step (rather than protonating the 
OH group). The resulting resonance-stabilized cation is then deprotonated by water, which also requires two curved 


arrows, as shown: 
H 


À 


/ 
yo” E 9e 
O 
T p 


I 


aH 
co 
ee ee paa 


A oy as) 
ab% O 
es 


Hl `H 


sl 
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(b) Under acid-catalyzed conditions, the enol is first protonated (which requires two curved arrows) to generate a 
resonance-stabilized cation. Notice that the m bond (of the enol) is protonated in this step (rather than protonating the 
OH group). The resulting resonance-stabilized cation is then deprotonated by water, which also requires two curved 


arrows, as shown: 
ee 3 
7 


H—0@ D © o 
H : H^ `H 
gee |e & a 
/ E > sM 


(c) Under acid-catalyzed conditions, the enol is first protonated (which requires two curved arrows) to generate a 
resonance-stabilized cation. Notice that the m bond (of the enol) is protonated in this step (rather than protonating the 
OH group). The resulting resonance-stabilized cation is then deprotonated by water, which also requires two curved 
arrows, as shown: 


yL oe aa :O 
H 
ee Ce 


"i other 


resonance 
structures 


(d) Under acid-catalyzed conditions, the enol is first protonated (which requires two curved arrows) to generate a 
resonance-stabilized cation. Notice that the n bond (of the enol) is protonated in this step (rather than protonating the 
OH group). The resulting resonance-stabilized cation is then deprotonated by water, which also requires two curved 
arrows, as shown: 


9.17. Warfarin has only three oxygen atoms, so in the tri-carbonyl form (three C=O bonds), there must be no OH 
groups. That is, any enol groups must be converted into C=O bonds. Let’s begin by considering the structure of the 
first tautomer shown in the problem statement. This compound contains one enol group. If this enol group is 
converted into a ketone, the resulting tautomer would have three carbonyl groups. This tautomerization process 
involves the change in location of a proton (highlighted): 


LH 
(©) Ph O O Ph O 
H 
PON DON 
O O oO O 


Similarly, the same tri-carbonyl tautomer is obtained if the enol group in the second tautomer (shown in the problem 
statement) is converted into a C=O bond. Once again, the tautomerization process involves the change in location of a 


proton (highlighted): 
O Ph O 
coor 
O O 


www.MyEbookNiche.eCrater.com 


O Ph O 


288 CHAPTER 9 


Under acidic conditions, the tautomerization of either enol tautomer (to give the tri-carbonyl form) occurs via the 
following steps. First, the C=C x bond is protonated (not the OH group) to give a resonance-stabilized carbocation 
intermediate. After drawing the resonance structures of the intermediate, deprotonation gives the tri-carbonyl tautomer: 


OH/ Ph O 
S 
oO O 


O O 


Starting with the other tautomer, we follow the same steps again. First, the z bond is protonated to give a resonance- 
stabilized carbocation intermediate. After drawing the resonance structures of the intermediate, deprotonation gives the 


tri-carbonyl tautomer: 


9.18. 

(a) When treated with aqueous acid (in the presence of 
mercuric sulfate), the terminal alkyne undergoes 
Markovnikov addition of H and OH across the alkyne, 
giving an enol. The enol is not isolated, because upon its 
formation, it undergoes tautomerization to give a methyl 
ketone: 


Sa. 


H2504, H20 
HgSO, 


be 
eee 


(not isolated) 


PTG pun 


fe) Ph Oo 
<=> 
AH 
oO o 
fox 
H^ `H 
re) Ph Oo 
Oo” So 


(b) When treated with aqueous acid (in the presence of 
mercuric sulfate), the terminal alkyne undergoes 
Markovnikov addition of H and OH across the alkyne, 
giving an enol. The enol is not isolated, because upon its 
formation, it undergoes tautomerization to give a methyl 
ketone: 


H2SOq, OH O 
NS H20, 
— —> 
HgSO,4 
(not isolated) 


(c) When treated with aqueous acid (in the presence of 
mercuric sulfate), an alkyne undergoes addition of H and 
OH across the alkyne. In this case, the starting alkyne is 
not terminal — it is an internal alkyne. As such, there are 
two possible regiochemical outcomes, giving rise to two 
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possible enols. Neither of these enols is isolated, 
because upon their formation, they each undergo 
tautomerization to give a ketone, as shown here: 


(not isolated) 


(d) When treated with aqueous acid (in the presence of 
mercuric sulfate), an alkyne undergoes addition of H and 
OH across the alkyne. In this case, the starting alkyne is 
not terminal — it is an internal alkyne, so we might expect 
two regiochemical outcomes. But look closely at the 
structure of the alkyne in this case. It is symmetrical (the 
triple bond is connected to two identical alkyl groups), 
and as such, there is only one possible enol that can be 
formed. This enol is not isolated, because upon its 
formation, it undergoes tautomerization to give a ketone: 


(not isolated) 


AKA 


9.19. 
(a) The desired product is a methyl ketone, which can be 
prepared from the corresponding terminal alkyne, shown 


here: 
A a 


(b) The desired product is not a methyl ketone, but it 
can be made directly from the following internal alkyne. 
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This alkyne is symmetrical, so only one regiochemical 
outcome is possible: 


A 
ga 


(c) The desired product is a methyl ketone, which can be 
prepared from the corresponding terminal alkyne, shown 
here: 

9.20. 

(a) The reagents (9-BBN, followed by H202 and NaOH) 
indicate hydroboration-oxidation of the terminal alkyne, 
giving an anti-Markovnikov addition of H and OH 
across the alkyne. The resulting enol is not isolated, 


because upon its formation, it undergoes tautomerization 
to give an aldehyde: 


Q z 


1) 9-BBN 


2) H202 , NaOH 
oe 


(not isolated) 
H 


(b) The reagents (disiamylborane, followed by H202 and 
NaOH) indicate hydroboration-oxidation of the terminal 
alkyne, giving an anti-Markovnikov addition of H and 
OH across the alkyne. The resulting enol is not isolated, 
because upon its formation, it undergoes tautomerization 
to give an aldehyde: 


SS 1) Disiamylborane 
— 


HO 
Ke 2) H202 , NaOH a a 


(not isolated) 


x 


(c) The reagents (R2BH, followed by H202 and NaOH) 
indicate hydroboration-oxidation of the terminal alkyne, 
giving addition of H and OH. Since the alkyne is 
symmetrical, regiochemistry is not relevant in this case. 
The resulting enol is not isolated, because upon its 
formation, it undergoes tautomerization to give a ketone: 
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1) RoBH 
2) H202 ; NaOH 


HO 
(not isolated) 


__ 


(0) 
9.21. 
(a) The desired product is an aldehyde, which can be 
prepared from the corresponding terminal alkyne, shown 
here: 


S 


(b) The desired product is not an aldehyde, but it can be 
made directly from the following internal alkyne. This 
alkyne is symmetrical, so only one regiochemical 
outcome is possible: 


Za 
Soe 


(c) The desired product is an aldehyde, which can be 
prepared from the corresponding terminal alkyne, shown 


here: 
9.22. 


(a) The starting material is a terminal alkyne and the 
product is a methyl ketone. This transformation requires 
a Markovnikov addition, which can be achieved via an 
acid-catalyzed hydration in the presence of mercuric 


sulfate. 


(b) The starting material is a terminal alkyne and the 
product is an aldehyde. This transformation requires an 
anti-Markovnikov addition, which can be achieved via 
hydroboration-oxidation. 


H2504, H20 
~ HgsO, 


1) RBH 
(9-BBN or disiamylborane) 
BZ X 2) H202 , NaOH | 


9.23. Compounds 1 and 3 have the same carbon skeleton. 
Only the identity and location of the functional groups 


have been changed. In compound 1, the following two 
highlighted positions are functionalized (each is attached 
to Br): 


Br 
OH 
1 


So it is reasonable to propose an alkyne in which the 
triple bond is between these two carbon atoms: 


M 


OH 
2 


Indeed, we have learned a way to convert this alkyne 
into the desired methyl ketone (compound 3), via acid- 
catalyzed hydration (Markovnikov addition): 


HgS0O;, H2504 


(0) H20 Oo oO 
AS 
OH OH 


To complete the synthesis, we must propose reagents for 
the conversion of 1 to 2. As seen earlier in the chapter, 
this transformation can be achieved via two successive 
E2 reactions, requiring a strong base such as NaNHÞ2. 
For this type of process, excess base is generally 
required. As shown below, the initial product of this 
general process is an alkynide ion, which is protonated 
upon treatment with a mild acid to give a terminal 
alkyne: 


Br xs © Ht H Ss 


NaNH 
a A == ~~ SL 


In this case, the strongly basic conditions will also 
deprotonate the carboxylic acid to give a carboxylate 
group. This carboxylate group is protonated (together 
with the alkynide ion) upon treatment with a mild acid: 


oY Natt, 
Br: öh SS 


www.MyEbookNiche.eCrater.com 


In summary, the following reagents can be used to 
convert 1 into 3: 
1) xs NaNH2 


2) H30* 
3) H9SO4 
Br o HSO, 
Br H2O 
yg yaso 
3 H2SO4, 
H20 
9.24. 


(a) The reagents (Os, followed by H20) indicate 
ozonolysis. The starting material is an unsymmetrical, 
internal alkyne, so cleavage of the C=C bond results in 
the formation of two carboxylic acids: 


1) O3 
2) H20 


O O 
oan 
OH HO 


(b) The reagents (O3, followed by H2O) indicate 
ozonolysis. The starting material is a terminal alkyne, so 
cleavage of the C=C bond results in the formation of a 
carboxylic acid and carbon dioxide (CO2): 


O O 
~A 10 i 
BA 2) H2O i j so 


(c) The reagents (O3, followed by H20) indicate 
ozonolysis. The starting material is an unsymmetrical, 
internal alkyne, so cleavage of the C=C bond results in 
the formation of two carboxylic acids: 


aan ae 


(d) The reagents (Os, followed by H20) indicate 
ozonolysis. The starting material is a cycloalkyne, so 
cleavage of the C=C bond results in the formation of a 
compound with two carboxylic acid groups: 
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HO 


9.25. If ozonolysis produces only one product, then the 
starting alkyne must be symmetrical. There is only one 
symmetrical alkyne with the molecular formula C6H10: 


— TK, 


9.26. If ozonolysis produces a carboxylic acid and 
carbon dioxide, then the starting alkyne must be 


1) O3 
2) H20 


terminal. There is only one terminal alkyne with the 
molecular formula C4H6: 
O 
wie 1) O3 OH | r 
s ss Ny" f 
oO 


CaHs 


When this alkyne is treated with aqueous acid in the 
presence of mercuric sulfate, the alkyne is expected to 
undergo a Markovnikov addition of H and OH, 
generating an enol. This enol is not isolated, because 
upon its formation, it undergoes tautomerization to give 
a methyl ketone: 


H2503 
ae H20 aa a 
SS “Hgs0, 
OH (©) 


(not isolated) 


9.27. 

(a) We begin by drawing the starting material (acetylene) 
and the product (1-butyne), which makes it more clear to 
see that the desired transformation involves a single 
alkylation process. This can be achieved by treating 
acetylene with sodium amide, followed by ethyl iodide: 


a _DNaNh; N 
= 2) EtI SZ 


(b) We begin by drawing the starting material 
(acetylene) and the product (2-butyne), which makes it 
more clear to see that the desired transformation involves 
two, successive alkylation processes. The first alkylation 
is achieved by treating acetylene with sodium amide, 
followed by methyl iodide. The second alkylation 
process is then achieved upon further treatment with 
sodium amide, followed by methyl iodide. Notice that 
each alkylation process must be performed separately. 
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1) NaNH> 
2) Mel N 

WSN SA 

= 3) NaNH> bT 
4) Mel 


(c) We begin by drawing the starting material (acetylene) 
and the product (3-hexyne), which makes it more clear to 
see that the desired transformation involves two, 
successive alkylation processes. The first alkylation is 
achieved by treating acetylene with sodium amide, 
followed by ethyl iodide. The second alkylation process 
is then achieved upon further treatment with sodium 
amide, followed by ethyl iodide. Notice that each 
alkylation process must be performed separately. 


1) NaNH> oe 
2) EtI 
N S 
XN 3) NaNH2 Si 
4) EtI 


(d) We begin by drawing the starting material 
(acetylene) and the product (2-hexyne), which makes it 
more clear to see that the desired transformation involves 
two, successive alkylation processes. That is, we must 
install a methyl group and a propyl group. The propyl 
group is installed by treating acetylene with sodium 
amide, followed by propyl iodide. And the methyl group 
is installed in a similar way (upon treatment with sodium 
amide, followed by methyl iodide). The propyl group 
can be installed first or last. Either way is acceptable. 
The following shows installation of the propyl group 
followed by installation of the methyl group: 


1) NaNH2 
DE S 
WY 
S 3) NaNH> ie 
4) Mel 


(e) We begin by drawing the starting material (acetylene) 
and the product (1-hexyne). This makes it more clear to 
see that the desired transformation involves a single 
alkylation process, which can be achieved with the 
following reagents: 


1) NaNH> 


M 


S 


2) iA NN _ 


(Í We begin by drawing the starting material 
(acetylene) and the product (2-heptyne), which makes it 
more clear to see that the desired transformation involves 
two, successive alkylation processes. That is, we must 
install a methyl group and a butyl group. These two 
groups can be installed in either order. The following 
shows installation of the butyl group followed by 
installation of the methyl group: 


1) NaNH> 
ae a a 

SS SS 
3) NaNH2 Pe 
4) Mel 


(g) We begin by drawing the starting material (acetylene) 
and the product (3-heptyne), which makes it more clear 
to see that the desired transformation involves two, 
successive alkylation processes. That is, we must install 
an ethyl group and a propyl group. These two groups 
can be installed in either order. The following shows 
installation of the propyl group followed by installation 
of the ethyl group: 


1) NaNH> 
2) KAAN BOR 

S 
3) NaNH, SANS 
4) EtI 


(h) We begin by drawing the starting material 
(acetylene) and the product (2-octyne), which makes it 
more clear to see that the desired transformation involves 
two, successive alkylation processes. That is, we must 
install a methyl group and a pentyl group. These two 
groups can be installed in either order. The following 
shows installation of the pentyl group followed by 
installation of the methyl group: 


1) NaNH2 
2) RASAN 
NN 
3) NaNH2 
4) Mel 
Sg 
S 


AOS 


(i) We begin by drawing the starting material (acetylene) 
and the product (2-pentyne), which makes it more clear 
to see that the desired transformation involves two, 
successive alkylation processes. That is, we must install 
a methyl group and an ethyl group. These two groups 
can be installed in either order. The following shows 
installation of the ethyl group followed by installation of 
the methyl group: 


1) NaNH2 wh 
2) Etl 

i o S 

m 3) NaNH2 pos 
4) Mel 


(j) The desired transformation involves two, successive 
alkylation processes. That is, we must install an ethyl 
group and a benzyl group. These two groups can be 
installed in either order. The following shows 
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installation of the ethyl group followed by installation of benzyl iodide. Notice that each alkylation process must 
the benzyl group: be performed separately. 


1.NaNpia 1) NaNH> 
2) Etl 
s 2 3 
oS NNG Te 2) Cy 
4) 
an mse 
3) NaNH> 


(k) The desired transformation involves two, successive 
alkylation processes. Each alkylation is achieved by 
treating the alkyne with sodium amide, followed by 


N 


9.28. The carbon atoms present in compounds 1 and 2 completely account for the carbon skeleton of compound 3, if 
we can connect the two highlighted carbon atoms: 


Connect these 
two carbon atoms 


OR OH OR 
F OR 2 OR 
terminal alkyne internal alkyne 


This process involves the conversion of a terminal alkyne (compound 2) into an internal alkyne (compound 3), which 
can be accomplished via an Sn2 process. In order to perform the desired Sn2 reaction, the starting materials must first 
be modified. The terminal alkyne (compound 2) must be deprotonated with a strong base to convert it into a good 
nucleophile (using, for example, NaNH2 to produce an alkynide ion): 


OR OR 


NaNH2 © 


An alkynide ion 


Also, the alcohol (compound 1) must be converted into a substrate that contains a good leaving group, because 
hydroxide is not a good leaving group. For example, the alcohol can be treated with TsCl and pyridine to give a 
tosylate (see Section 7.12): 


Bad Good 
OR (OH leaving OR [OTs] leaving 


group group 


z SS 
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9.29. 

(a) The desired transformation appears to involve 
installation of an ethyl group. If the starting compound 
were a terminal alkyne, we could simply perform an 
alkylation reaction, but unfortunately, the starting 
compound is an alkene (not an alkyne). Alkenes do not 
undergo alkylation reactions under the same conditions 
used for the alkylation of alkynes, and we have not 
covered the conditions necessary for alkylating an 
alkene. So, in order to perform the necessary alkylation 
reaction, we must first convert the alkene into an alkyne. 
This is accomplished by treating the starting alkene with 
Br, giving a dibromide, followed by treatment with 
excess sodium amide (and then water work-up). At this 
point, the alkylation step can be performed with ease, 
and the resulting alkyne can then be reduced with 
molecular hydrogen (H2) in the presence of Lindlar’s 
catalyst to generate the desired cis alkene. 


1) Bro 
2) xs NaNH2 
E e a 
4) NaNH2 
5) EtI Ho, 
| Bro 6) Ho, Lindlar's catalyst Lindlar's 
catalyst 
Br a. 
m S 
Br x< 
(racemic) 
1) NaNH2 
1) xs NaNH2 S&S o] 2) EtI 
2) H2O x< 


Note: The alkyne produced after step 3 does not need to 
be isolated and purified, and therefore, steps 3 and 4 can 
be omitted. That is, the synthesis can be presented like 
this: 


1) Br2 
sS 2) xs NaNH2 7... 
3) Etl 
4) Ho, Lindlar's catalyst Ho, 
| Br2 ht Lindlar's 
catalyst 
Br 1) xs NaNH2 
a ONS 
Br 2) Etl NN . 
(racemic) 


(b) The desired product is an aldehyde, which can be 
made from the following alkyne (1-butyne) via 
hydroboration-oxidation: 


Hydroboration- 
oxidation 
S& Ea 
wee -e 


This alkyne can be prepared from the starting alkene by 
brominating the alkene to give a dibromide, followed by 
elimination with excess sodium amide: 


1) Bro 
2) xs NaNH2 
3) H2O H 
AN WR BH y 
5) HO, NaOH (@) 
| Bro 
1) RoBH 
2) H205, NaOH 
Br 
1) xs NaNH2 S&S 
2) H20 Se 
Br (racemic) 


(c) We see an OH group at the more substituted position, 
indicating a Markovnikov addition. But there is a 
problem. If we try to perform Markovnikov addition of 
H and OH across the alkyne, the resulting enol will 
immediately tautomerize to give a ketone: 


HSO; Sn 5 
WN 2 
SN Figs, Bo ee 


(not isolated) 


And we have not yet learned a way to convert the ketone 
into the desired product, although we will learn how to 
achieve this transformation in Chapter 12: 

OH 


AL AL 
So, we must find another route. Instead of performing 
acid-catalyzed hydration first, we could first reduce the 
alkyne (in the presence of a poisoned catalyst), giving an 
alkene. This alkene can then be treated with dilute 


aqueous acid to give Markovnikov addition of H and 
OH, resulting in the desired product: 


(in Chapter 12) 
> 


OH 
Te 


(d) Much as we saw in the solution to the previous 
problem, the desired product can be made by first 
reducing the alkyne in the presence of a poisoned 
catalyst (to give an alkene), followed by addition of H 
and OH across the alkene. In this case, we need an anti- 
Markovnikov addition, so we employ a hydroboration- 
oxidation procedure: 


1) Ho, Lindlar's catalyst 
2) dilute H2504 


S 
Se 


1) H2, 
Lindlar's catalyst 
X > HO 
2) BH; THE ~x 


3) H202, NaOH 
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(e) The starting alkyne has only four carbon atoms, while 
the desired product has six carbon atoms. So we must 
install an ethyl group. This can be achieved by 
alkylating the starting alkyne. After the alkylation, the 
resulting, symmetrical alkyne can be reduced to an 
alkene, followed by bromination. Since the last step 
(bromination) proceeds via an anti addition, the desired 
stereoisomer can only be obtained if the previous step 
(reduction of the alkyne) is performed in an anti fashion. 
That is, we must use a dissolving metal reduction, rather 
than hydrogenation with a poisoned catalyst. 


1) NaNH2 


= 2) EtI ‘4 
N= 3) Na, NH3 (/) z7 
4) Bro id 
1) NaNH> 
| 2) EtI Br2 


N S Na, NH3 (/) atl 
eg 


Notice that the product is a meso compound, which can 
be seen more clearly if we rotate about the central C-C 
bond, like this: 


e 5 2K 


(meso) ff 


Internal plane 
of symmetry 


(f) The starting alkyne has only four carbon atoms, 
while the desired product has six carbon atoms. So we 
must install an ethyl group. This can be achieved by 
alkylating the starting alkyne. After the alkylation, the 
resulting, symmetrical alkyne can be reduced to an 
alkene, followed by bromination. Since the last step 
(bromination) proceeds via an anti addition, the desired 
stereoisomer can only be obtained if the previous step 
(reduction of the alkyne) is performed in a syn fashion. 
That is, we must perform a hydrogenation reaction with a 
poisoned catalyst, rather than using a dissolving metal 
reduction. 


1 ) NaNH2 Br Br 
S 2) EtI S +En 
x’ 3) Ho, 
Lindlar's catalyst 
1) NaNH2 4) Br2 Br. 
2) EtI 2 
aN S H2 — 
X Lindlar's ne a 


Se 


catalyst 


9.30. The starting material has two carbon atoms, and 
the desired product has six carbon atoms: 
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O 
O N 


Two carbon atoms Six carbon atoms 


So, we must form C-C bonds. This can be achieved with 
acetylene and two equivalents of ethyl bromide: 


~™Br S 
Ethyl bromide 


Br~ 


Acetylene Ethyl bromide 


And the resulting alkyne can be converted into the 
product in just one step: 


eo H2SO4 (0) 
S aha > Pe 


So, our goal is to convert ethylene into acetylene and 
ethyl bromide: 
Bra 


ethyl bromide 


4 a 


acetylene 


DN 


The former can be achieved in just one step, by treating 
ethylene with HBr: 


HBr 


S e aA 


Acetylene can be made from ethylene via the following 
two step process: 


Bro Br 1) xS NaNH2 
Se ae S 


In summary, the following synthetic route converts 
ethylene into 3-hexanone: 


~~ o 


| Bro 


Br 
Bra7 


H2SO,4, H20 

1) xs NaNH2 HgSO, 
2) H20 

1) NaNH2 

2) wos Br ae 

S — SS 
3) NaNH2 Se 
4) ~™~pr 
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9.31. In this overall transformation, we need to add two hydrogen atoms and two hydroxyl groups to the two a bonds 
of the alkyne. We have also been told that an alkene is made and then used in each synthesis. It is reasonable to begin, 
therefore, by reducing the carbon-carbon triple bond to a carbon-carbon double bond. Use of a dissolving metal 
reduction will generate a trans alkene (using deuterium instead of protium), while hydrogenation with a poisoned 
catalyst will generate a cis alkene (again, using deuterium instead of protium). 


D 
Na 
ND; (/) COOH 
D 


<N 
Z COOH 
SOOO a D D D 
2 SAN O CoH 
Lindlar's 
catalyst 


Dihydroxylation of these alkenes will provide diols; however, care must be taken to produce the desired stereochemical 
outcome. An anti addition to the trans alkene will produce the desired product (as a mixture of enantiomers). This can 
be accomplished upon treatment with a peroxyacid, to generate an epoxide intermediate, followed by aqueous acid to 
generate the diol. 


D D OH 
` 1) RCO3H 7, 
—— 
COOH 2) H,0° > COOH + En 
D HO D 


correct relative stereochemistry 


However, the same reagents will not provide the proper stereochemical outcome when used with the cis alkene. This is 
more apparent after rotating the newly formed single bond in the product. 


HO OH D O 
D D 1)RCO3H DY =D a 
SANS DS COOH una at SA DH 00H = 
2) H30 < COOH 
+ En + En HO D 


incorrect relative stereochemistry 


A syn addition to the cis alkene does provide the appropriate stereochemical outcome (again a single bond rotation in 
the product makes this easier to see). This can be accomplished using NMO and catalytic OsOs. 


catalytic HO OH 
E D OsO, D4 fxd D, pH 
SAN O 00H ——— b 4 COOH = 3 
NMO a COOH 
+ En + En HO D 


correct relative stereochemistry 
In summary, there are two ways to accomplish this overall transformation with the appropriate stereochemical 


outcome. One reduces the alkyne to the trans alkene, followed by an anti dihydroxylation. The other reduces the alkyne 
to the cis alkene, followed by a syn dihydroxylation. 


D 
Na ` 1) RCO3H 
/ ND3(/) COOH = 2) H30* \ 
D 
Zo Coon SE 5s 
WHO 


HO D 
y + En 
T D D catalytic HO OH 
e SALA D000 AS coon 
Lindlar's NMO 
catalyst + En 
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9.32. 

(a) We begin by identifying the parent. The longest 
chain is six carbon atoms, so the parent is hexyne. There 
are three substituents — all methyl groups (highlighted). 
Numbering the parent chain from either direction will 
place the triple bond at C3 (between C3 and C4), so we 
number in the direction that gives the lower number to 
the second substituent (2,2,5 rather than 2,5,5): 


2,2,5-Trimethyl-3-hexyne 


(b) We begin by identifying the parent. The longest 
chain is six carbon atoms, so the parent is hexyne. There 
are two substituents — both chloro groups. The parent 
chain is numbered to give the triple bond the lower 
possible number, C2 (because it is between C2 and C3). 
According to this numbering scheme, the chlorine atoms 
are both at C4: 


A 
5 3 FY 
6 4 


4,4-Dichloro-2-hexyne 


(c) We begin by identifying the parent. The longest 
chain is six carbon atoms, so the parent is hexyne. There 
are no substituents. We must include a locant that 
identifies the position of the triple bond. The parent 
chain is numbered so that the triple bond is assigned the 
lowest possible locant (“1” indicates that the triple bond 
is located between C1 and C2). 


1-Hexyne 


(d) We begin by identifying the parent. The longest 
chain is four carbon atoms, so the parent is butyne. 
There are two substituents (highlighted) — a methyl 
group and a bromo group. The parent chain is numbered 
so that the triple bond is assigned the lowest possible 
locant (“1” indicates that the triple bond is located 
between Cl and C2). According to this numbering 
scheme, both substituents are located at C3. They are 
alphabetized in the name, so “bromo” precedes 


“methyl.” 
4 
a Br 


2 
1 


3-Bromo-3-methyl-1-butyne 
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(e) We begin by identifying the parent. The longest 
chain containing the triple bond has ten carbon atoms, so 
the parent is decyne. There are two substituents 
(highlighted) — a methyl group and a sec-butyl group. 
We number the parent so that the triple bond receives the 
lowest possible locant (C3). According to this 
numbering scheme, the sec-butyl group is located at C5 
and the methyl group is located at C2. These 
substituents are arranged alphabetically in the name 
(butyl before methyl): 


(f) We begin by identifying the parent. The longest 
chain containing the triple bond has ten carbon atoms, so 
the parent is decyne. There are three substituents 
(highlighted) — two methyl groups and an isobutyl group. 
We number the parent so that the triple bond receives the 
lowest possible locant (C4). According to this 
numbering scheme, the isobutyl group is located at C6 
and the two methyl groups are located at C2. These 
substituents are arranged alphabetically in the name 
(isobutyl before methyl): 


BETS NS 
4 2 


6-isobutyl-2,2-dimethyl-4-decyne 


9.33. 

(a) The parent (heptyne) indicates a chain of seven 
carbon atoms. The triple bond is between C2 and C3, 
and there are no substituents. 


4 6 
3 5 
: Z 7a~87™NVT 
1 

2-Heptyne 


(b) The parent (octyne) indicates a chain of eight carbon 
atoms, with the triple bond located between C4 and CS. 
There are two methyl groups (highlighted), both located 
at position C2. 


2,2-Dimethyl-4-octyne 
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(c) The parent (cyclodecyne) indicates a ring of ten 
carbon atoms. The numbering system is assigned such 
that the triple bond is between C1 and C2. There are two 
substituents (ethyl groups), each of which is located at 
position C3: 


3,3-Diethylcyclodecyne 


9.34. The starting material has both a double bond and a 
triple bond. When hydrogenation is performed in the 
presence of a poisoned catalyst (such as Lindlar’s 
catalyst), only the triple bond is reduced (via syn addition 
to give a cis alkene). However, when Pt is used as the 
catalyst, both the double bond and the triple bond are 
reduced, giving an alkane: 


H2 


=» 


9.35. 

(a) The starting carbanion (C7) is a strong base, and 
acetylene has an acidic proton. The resulting proton 
transfer step gives an acetylide ion and butane. When 
we compare the acids (highlighted below), we find a 
massive difference in pKa values (See Table 9.1). The 
difference between acetylene (pKa = 25) and butane (pKa 
= 50) is 25 units, which represents a difference of 25 
orders of magnitude. That is, acetylene is 107° times 
more acidic than butane. With such a large difference in 
pKa values, the reaction is considered to be irreversible. 


tong (ok, = 25) 
Nall 9 
a wa 
H a H~ , 
— > 

foes CON 
weaker (pKa = 50) 
acid a 


(b) Hydride (H`) is a strong base, and the terminal 
alkyne has an acidic proton. The resulting proton 
transfer step gives an alkynide ion and hydrogen gas 
(H2) We compare the pKa values of the acids 


(highlighted below) using the values given in Table 9.1. 
Acetylene (pKa = 25) is more acidic than H2 (pKa = 35). 
As such, the equilibrium favors the weaker acid (H2). 


stronger 


acid (pKa ~ 25) 
AH >o e 
ZA BA Na 
7; ook Cees 
© oO 
Na H: H—H 
weaker 
acid 
(pKa = 35) 


In practice, H2 bubbles out of solution as a gas, and as a 
result, the reaction proceeds to completion (Le 
Chatelier’s principle). 


9.36. 

(a) When treated with aqueous acid (in the presence of 
mercuric sulfate), the terminal alkyne undergoes 
Markovnikov addition of H and OH across the alkyne, 
giving an enol. The enol is not isolated, because upon its 
formation, it undergoes tautomerization to give a methyl 
ketone: 


OH 


AK 


(not isolated) 
pen 


(b) The reagents (R2BH, followed by H202 and NaOH) 
indicate hydroboration-oxidation of the terminal alkyne, 
giving an anti-Markovnikov addition of H and OH 
across the alkyne. The resulting enol is not isolated, 
because upon its formation, it undergoes tautomerization 
to give an aldehyde: 


H2SO4, H2O 
HgSO, 


Za 
Fig 


1) RoBH 
2) H207, NaOH 


BZ 
Sage 


Pte 


(not isolated) 
A a | 
oO 


(c) When treated with two equivalents of HBr, a 
terminal alkyne undergoes two, successive addition 


www.MyEbookNiche.eCrater.com 


reactions, each of which proceeds in a Markovnikov 
fashion, giving the following geminal dibromide: 


rs 


(d) When treated with one equivalent of HCl, a terminal 
alkyne undergoes an addition reaction that proceeds in a 


ZZ HBr (2 _HBr(Zeq) 
ANZ ~ 


Markovnikov fashion, giving the following vinyl 
chloride: 
QZ Hane Pea 
NN 


(e) When treated with two equivalents of Br2, the alkyne 
undergoes two, successive addition reactions, giving the 
following tetrabromide: 


a _Br(2eq) 
aa ~eo 


(f) These reagents indicate an alkylation process. In step 
1, the alkyne is deprotonated by the strong base (H2N7) 
to give an alkynide ion. In step 2, this alkynide ion is 
used as a nucleophile to attack methyl iodide in an Sn2 
reaction), thereby installing a methyl group: 


< 
Z 1)NaNHp, NH ZZ 
a É ANZ oe 


2) Mel 


(g) Since platinum is used as the catalyst (rather than a 
poisoned catalyst), hydrogenation of the alkyne gives an 
alkane: 


9.37. 
(a) Markovnikov addition of addition of H and Cl can 
be achieved by treating the alkyne with one equivalent of 


HCI: 
CI 
SOn HCI N 
= > 
(1 eq) 


(b) Reduction of the alkyne to an alkene can be 
achieved by performing a hydrogenation reaction in the 
presence of a poisoned catalyst, such as Lindlar’s 


catalyst: 
Z H2 
— C 
Lindlar's N 


catalyst 
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(c) Ozonolysis of the alkyne achieves cleavage of the 
C=C bond to give a carboxylic acid (and carbon dioxide 


as a by-product): 
— 1% P 
— 4 (+CO2) 
2) H20 T 
(d) A terminal alkyne can be converted into a methyl 
ketone upon treatment with aqueous acid in the presence 


of mercuric sulfate. These conditions allow for 
Markovnikov addition of H and OH, giving an enol, 


which tautomerizes to the methyl ketone: 
i 
CH3 


(e) A terminal alkyne can be converted into an aldehyde 
via hydroboration-oxidation. These conditions allow for 
an anti-Markovnikov addition of H and OH, giving an 
enol, which tautomerizes to the aldehyde: 


= 


(f) An alkyne can be converted to a geminal dibromide 
via two successive addition reactions with HBr. 
Markovnikov addition is required, so we use excess HBr 
without peroxides. 

Br 


— HBr Br 
Ea (xs) 
(g) Reduction of the alkyne to an alkane can be 


achieved by performing hydrogenation in the presence of 
a catalyst, such as platinum (not a poisoned catalyst): 


= a 


(a) As seen in Table 9.1, methoxide is not a sufficiently 
strong base to deprotonate a terminal alkyne, because the 
conjugate acid of methoxide (methanol, pKa = 16) is a 
stronger acid than a terminal alkyne (pKa ~ 25). 

(b) As seen in Table 9.1, hydride (H7) is a sufficiently 
strong base to deprotonate a terminal alkyne, because the 
conjugate acid of hydride (H2, pKa = 35) is a weaker acid 
than a terminal alkyne (pKa ~ 25). 

(c) As seen in Table 9.1, butyllithium is a sufficiently 
strong base to deprotonate a terminal alkyne, because the 
conjugate acid (butane, pKa = 50) is a weaker acid than a 
terminal alkyne (pKa ~ 25). 

(d) As seen in Table 9.1, hydroxide is not a sufficiently 
strong base to deprotonate a terminal alkyne, because the 
conjugate acid of hydroxide (water, pKa = 15.7) is a 
stronger acid than a terminal alkyne (pKa ~ 25). 

(e) As seen in Table 9.1, the amide ion (H2N’) is a 
sufficiently strong base to deprotonate a terminal alkyne, 


\ Hey, HO 
T HgSO, 


1) RoBH 
a cl 


2) H202, 


NaOH H 
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because the conjugate acid (NH3, pKa = 38) is a weaker 
acid than a terminal alkyne (pKa ~ 25). 


9.39. 

(a) Yes, these compounds represent a pair of keto-enol 
tautomers. 

(b) Yes, these compounds represent a pair of keto-enol 
tautomers. 


9.40. The difference between oleic acid and elaidic acid 
is the configuration of the C=C double bond. Oleic acid 
has the cis configuration, while elaidic acid has the trans 
configuration. Each of these stereoisomers can be 
obtained via reduction of the corresponding alkyne. 
Hydrogenation in the presence of a poisoned catalyst 
affords the cis alkene, 


LOGFORIOSSEO O 


SS Ac ee 
OH 


H 
i 5 Stearolic Acid 
Lindlar's 
catalyst oO 
OH 
Zz Oleic Acid 


while a dissolving metal reduction gives the trans 
alkene: 


LO a T e S O 


EFFE 
OH 


Stearolic Acid 


Elaidic Acid 


9.41. 

(a) Upon treatment with excess sodium amide, the 
geminal dibromide undergoes elimination (twice) 
followed by deprotonation, to give an alkynide ion. This 
alkynide ion then undergoes alkylation when treated with 
ethyl chloride. Finally, hydrogenation in the presence of 
a poisoned catalyst affords the cis alkene: 


Br. Br 
1) excess NaNH2 
2) EtCl x 
3) Ho, 
Lindlar's catalyst 
excess üi i 
NaNH indlar's 
aniz catalyst 
9 ne oS 
A $ a a 


On oO 


(b) Acetylene undergoes alkylation upon treatment with 
sodium amide, followed by methyl iodide. The resulting 
alkyne (1-propyne) then undergoes hydroboration- 
oxidation when treated with a dialkylborane (R2BH) 
followed by H202 and NaOH, giving an aldehyde: 


1) NaNH> i 
2) Mel 
A sA 
3) RBH H 
4) H202 , NaOH 1) RBH 
2) H203 , NaOH 
1) NaNH> S 
2) Mel 


(c) Acetylene undergoes alkylation upon treatment with 
sodium amide, followed by ethyl iodide. The resulting 
alkyne (l-butyne) then undergoes acid-catalyzed 
hydration when treated with aqueous acid in the presence 
of mercuric sulfate, giving a methyl ketone: 


1) NaNH> 
2) EtI 
BA 
3) H2SO4 , H20, 
HgSO, 
1) NaNH> H2504 , H2O 
2) EtI S 


(d) Acetylene undergoes alkylation upon treatment with 
sodium amide, followed by methyl iodide. The resulting 
alkyne (1-propyne) then undergoes alkylation, once 
again, upon treatment with sodium amide, followed by 
ethyl iodide. The first alkylation process installs a 
methyl group, while the second process installs an ethyl 
group. Finally, a dissolving metal reduction converts the 
alkyne to a trans alkene: 


1) NaNH> 
2) Mel 

7 3) NaNH> 

| 4) EtI 


1)NaNH, 5) Na, NHs (/) Na, 


2) Mel 


Za 1) NaNH 


a 2) EtI Za 


ue 


9.42. When (R)-4-bromohept-2-yne is treated with H2 in 
the presence of Pt, the asymmetry is destroyed and C4 is 
no longer a chiral center: 


Br Br 
: 2 Po e 
Z POI S > 
Pt 
a not a chiral center 
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This is not the case for (R)-4-bromohex-2-yne: 
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In order to produce this alkane, the starting alkyne must 


Br Br have the same carbon skeleton as this alkane. There is 

F H2 z only one such alkyne (3-ethyl-1-pentyne, shown below), 

a Pt awe wie because the triple bond cannot be placed between C2 and 

T C3 of the skeleton (as that would make the C3 position 
Pa 


a chiral center 


pentavalent, and carbon cannot accommodate more than 


four bonds): 


3-Ethyl-1-pentyne 


9.43. We are looking for an alkyne that will undergo 
hydrogenation to give the following alkane: 


7 


3-Ethylpentane 


3-Ethylpentane 


9.44. 

(a) This process is a dissolving metal reduction, so it follows the four steps shown in Mechanism 9.1. In the first step, 
a single electron is transferred from the sodium atom to the alkyne, generating a radical anion intermediate. This 
intermediate is then protonated (ammonia is the proton source), generating a radical intermediate. A single electron is 
transferred once again from a sodium atom to the radical intermediate, generating an anion, which is then protonated in 
the final step of the mechanism: 


i 
A T SN H 
of H” `H 


H i 
H 
H~ NZ, 
Za OY 
© 
H 


(b) The starting material has two enol groups, and the product has two ketone groups. As such, this transformation 
represents two tautomerization processes. Each tautomerization process must be shown separately, with two steps. In 
the first step, a double bond of one of the enol groups is protonated, generating a resonance-stabilized cation, which is 
then deprotonated (with water serving as the base) to generate the ketone. These two steps are then repeated for the 
other enol group, as shown: 


H 


À 


/ 
H—O® 
\ 


-= ® ZOS 
H=0 O—H H H—O Gel H—O O—H H H H—O O 
/ Ñ / 2 \ / N 


j 
soe 
H“@>H 
on! © 
o 6 ge g H70 © H-G:, 0 


9.45. Treatment of the terminal alkyne with sodium amide results in the formation of alkynide ion, which then 
functions as a nucleophile in an Sn2 reaction. The stereochemical requirement for inversion determines the 
configuration of the chiral center in the product. 
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9.46. 

(a) In order to produce 2,4,6-trimethyloctane, the starting 
alkyne must have the same carbon skeleton as this 
alkane. There is only one such alkyne (shown below), 
because the triple bond cannot be placed in any other 
location (as that would give a pentavalent carbon atom, 
which is not possible): 


Compound A 


2,4,6-trimethyloctane 


(b) Compound A has two chiral centers, highlighted 
below: 


a 


THY 


(c) The locants for the methyl groups in compound A are 
3, 5, and 7, because locants are assigned in a way that 
gives the triple bond the lower possible number (1 rather 
than 7). In the alkane, the numbering scheme goes in 
the other direction, so as to give the first substituent the 
lower possible number (2 rather than 3) 


4 
8 6 4 22 1 3 5 7 
YYY g boaa a 


9.47. Hydrogenation of compound A produces 2- 


methylhexane: 
H2 
Compound A 
Pt 
There are several alkynes that can undergo 


hydrogenation to yield 2-methylhexane. 


Pa 
A BA 
SS Lo 
No 
S 


However, only one of these three possibilities will 
undergo hydroboration-oxidation to give an aldehyde. 
Specifically, the alkyne must be terminal in order to 
generate an aldehyde upon hydroboration-oxidation: 


S 


Compound A 


1) RoBH 


2) H Oo, NaOH 
L-A 
H 
9.48. 


(a) The starting material has four carbon atoms, while 
the product has six carbon atoms. Therefore, two carbon 
atoms must be introduced. This can be achieved via 
alkylation of the terminal alkyne, as seen in the first two 
steps of the following synthesis. The resulting, 
symmetrical alkyne can then undergo acid-catalyzed 
hydration to give the desired ketone. Alternatively, the 
alkyne can be converted into the desired ketone via 
hydroboration-oxidation. 


1) NaNH2 o 
N 2) EtI A 
A . 
3) H2SO0; , H20, 
HgSO, 
ee HgSO, 
H2SO, , H2O 
1) NaNH2 AN 
N 
2) EtI S R 


(b) The starting material is a geminal dihalide, and we 
have not learned a way to convert a geminal dihalide 
directly into an alkene. However, we have learned how 
to convert a geminal dihalide into a terminal alkyne, 
upon treatment with excess sodium amide (followed by 
water workup). The alkyne can then be reduced by 
hydrogenation with a poisoned catalyst, such as Lindlar’ s 
catalyst. 
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1) excess NaNH2 


ZA 
JaN NZ 
Br Br 3) Ho, Lindlar's catalyst 
Ho, 
1) xs NaNH2 AN Lindlar's 
2) H2O S catalyst 


(c) This problem is similar to the previous problem, but 
an additional methyl group must be installed. We have 
not seen a way to alkylate an alkene (only an alkyne). 
So, the extra alkylation process must be performed 
before the alkyne is reduced to an alkene in the last step 
of the synthesis: 


1) excess NaNH2 
2) H20 


ee 3) NaNH> me ee 
Br Br 4) Mel 
5) Na, NH3 | Na, 
1) xs NH3 
NaNH2 
2) H2O 
1)NaNHy <N S 
S Zme DN 


Note: The alkyne produced after step 2 does not need to 
be isolated and purified, and therefore, steps 2 and 3 can 
be omitted, like this: 


1) excess NaNH2 L 
ASNN 
2) Mel 
Br Br 3)Na,NH3 
Na, 
xs NH3 
NaNH2 
S 
Na SL 
Cace Mel 


(d) The starting material is a geminal dihalide, which 
can be converted to a terminal alkyne upon treatment 
with excess sodium amide (followed by water workup). 
The terminal alkyne can then undergo acid-catalyzed 
hydration in the presence of mercuric sulfate to give a 
methyl ketone: 


1) excess NaNH2 


2) H2O 
cl Cl 3) H2SO4, H20, HgSO, re) 
H2S0;4, 
1) xs NaNH2 AN H20 
2) H2O S HgSO, 


(e) The starting material is a geminal dihalide, which 
can be converted to a terminal alkyne upon treatment 
with excess sodium amide (followed by water workup). 
The terminal alkyne can then undergo bromination to 
give the dibromide, as shown: 
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1) excess NaNH2 
2) H20 


A 
Br Br 


ee 3) Bro (1 eq) 
Br 


4)xsNaNHp NPL oy 
2) H20 S 


(f) The starting material is a geminal dihalide, which can 
be converted to a terminal alkyne upon treatment with 
excess sodium amide (followed by water workup). The 
terminal alkyne can then be reduced to give an alkene, 
which can then be treated with aqueous acid to give a 
Markvonikov addition of water, affording the desired 
product: 


1) excess NaNH2 


2) H2O 
> 
3) Ho, Lindlar's catalyst a 
CI Cl 4) dilute H2504 OH 
1) xs NaNH2 dilute 
2) H20 H2504 
H 
S Lindlar's oe 
catalyst 
9.49. Treatment of 1,2-dichloropentane with excess 


sodium amide (followed by water-workup) gives 1- 
pentyne (compound X). 


Cl 
roe: Dadi a 
— 
2) HO NZ 
Compound X 


Compound X undergoes acid-catalyzed hydration to give 
a methyl ketone, shown below: 


a H2804, H20 
HgS0O4 


A 
9.50. Acetic acid has two carbon atoms, and carbon 


dioxide has one, so our starting alkyne has three carbon 
atoms: 


[N< 


1) O3 


H,C—C=C—H 
2) H2O 


// 
H3C > G F CO, 
OH 


9.51. If two products are obtained, then the alkyne must 
be internal and unsymmetrical. There is only one such 
alkyne with the molecular formula CsHs: 


H2SO,, H2O 


TRE 
Os 2 


(0) 
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9.52. 

(a) As seen in Figure 9.7, a double bond can be 
converted into a triple bond via bromination, followed by 
two successive elimination reactions (with excess 
NaNHz2). Under these conditions, the resulting terminal 
alkyne is deprotonated, so water is introduced to 
protonate the alkynide ion, generating the alkyne: 


Oy ou 
Ca 2) excess NaNH> L 

3) H2O Ss 

Br. 
2 1) xs NaNH> 
2) H20 
Br 
Br 
(racemic) 


(b) The starting material has four carbon atoms, and the 
product has six carbon atoms, so two carbon atoms must 
be installed. This can be accomplished by alkylating the 
terminal alkyne. After the alkylation process, a 
dissolving metal reduction will convert the alkyne into 
the desired trans alkene: 


1) NaNH, 
Z 2) EtI 


oe 3) Na, NH3 () 
1) NaNH> Na, 

2) Etl NH; (/ 

) a 3) 


SS 


(c) The starting material has eight carbon atoms, and the 
product has eleven carbon atoms, so three carbon atoms 
must be installed. This can be accomplished by 
alkylating the terminal alkyne. After the alkylation 
process, the resulting internal alkyne can be converted to 
the desired alkane upon hydrogenation: 


a 
Cy 1) NaNH> 
2) a 


3) Ha, P Hp, 
ona Pt 
1) NaNH> 


2) ae 


9.53. The starting material can either be a geminal 
dichloride or a vicinal dichloride: 


9.54. In order to determine the structures of compounds 
A-D, we must work backwards. The last step is an 
alkylation process that installs an ethyl group, so 
compound D must be an alkynide ion, which is prepared 
from the dibromide (compound B) formed in the first 
step when an alkene (compound A) is treated with Bro: 


1) xs 
Br Hi NaNH> 
\ g 2) H20 
Br 


o 


9.55. Terminal alkynes have the structure R-C=C-—H. 
The molecular formula indicates six carbon atoms, so the 
R group must be comprised of four carbon atoms. There 
are four different ways to connect these carbon atoms. 
They can be connected in a linear fashion, like this: 


[NAN 
BA 


1-Hexyne 


or there can be one methyl branch, which can be placed 
in either of two locations (C3 or C4), shown here: 


P AY 


3-Methyl-1-pentyne 4-Methyl-1-pentyne 


or there can be two methyl branches, as shown here: 


oe 


BA 
3,3-Dimethyl-1-butyne 


9.56. Formation of 2,2-dimethyl-3-octyne (shown 
below) from acetylene would require two alkylation 
processes. That is, we must install a butyl group and a 
tert-butyl group. The former can be readily achieved, 
but the latter cannot, because installation of a tert-butyl 
group would require the use of a tertiary substrate, which 
will not undergo an Sn2 process: 


S 
Oe PF 


2,2-Dimethyl-3-octyne 
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9.57. 

(a) The alkyne can be reduced to an alkene, followed 
by bromination. Since the last step (bromination) 
proceeds via an anti addition, the desired stereoisomer 
can only be obtained if the previous step (reduction of 
the alkyne) is performed in an anti fashion as well. That 
is, we must perform a dissolving metal reduction: 


Br 
7 1)Na, NH3 (/) 


22 “on P 
ba AZ 


NH3 (/) 


Ñ 


Win 
n 


(b) The alkyne can be reduced to an alkene, followed by 
bromination. Since the last step (bromination) proceeds 
via an anti addition, the desired stereoisomer can only be 
obtained if the previous step (reduction of the alkyne) is 
performed in a syn fashion. That is, we must perform a 
hydrogenation reaction with a poisoned catalyst, rather 
than using a dissolving metal reduction. 


P 1) Ho, Br 
Lindlar's catalyst 
" en +En 
yo 2) Bro 
Ho, — Bro 
Lindlar's 
cat. 


(c) This transformation requires two processes: 1) reduc- 
tion of the alkyne to give an alkene, and 2) dihydroxy- 
lation to give a diol. In order to achieve the desired 
stereochemical outcome, we must perform one process in 
an anti fashion, and the other in a syn fashion. In the 
first answer below, the reduction is performed in an anti 
fashion, while the dihydroxylation process is performed 
in a syn fashion. In the second answer below, the 
reduction is performed in a syn fashion, while the 
dihydroxylation process is performed in an anti fashion. 
Both answers are acceptable. 


1) Na, NH3 (/) 
2) cat. OsO,, NMO N, 


OH 
— Av +s 
1) Ha, OH 
Lindlar's Catalyst 
2) RCO3H 
3) H30* 


(d) This transformation requires two processes: 1) reduc- 
tion of the alkyne to give an alkene, and 2) dihydroxy- 
lation to give a diol. In order to achieve the desired 
stereochemical outcome, we must either perform each 
process in an anti fashion (as shown in the first answer 
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below), or we must perform each process in a syn 
fashion (as shown in the second answer below). Both 
answers are acceptable. 


1) Na, NH3 (/) 


2) RCO3H bN 


3) H30* OH 
1) Hə, OH 
Lindlar's Catalyst 


2) cat. OsO4, NMO 


(e) This problem is similar to part (c), but the starting 
alkyne is acetylene, which must first be alkylated twice: 


1) NaNH> 
2) Mel 

3) NaNH> 
4) Mel 
5) Na, NH3 (/) 
6) cat. OsO,, NMO 


OH 


ag +En 


OH 


N 


1) NaNH2 
2) Mel 

3) NaNH> 
4) Mel 

5) Ho, Lindlar's Catalyst 
6) RCO3H 

7) H30* 


(f) This problem is similar to part (d), but the starting 
alkyne is acetylene, which must first be alkylated twice: 


1) NaNH> 
2) Mel 

3) NaNH> 
4) Mel 


5) Na, NH3 (/) 
6) RCO3H a 
7) H30* 

ZA Po 
1) NaNH> OH 
2) Mel 


3) NaNH> 
4) Mel 

5) H2, Lindlar’s Catalyst 
6) cat. OsO,, NMO 


9.58. Treatment of the alkyne with sodium amide results 
in an alkynide ion. If the alkynide ion is treated with 
water (H20), the alkynide ion will be protonated again to 
regenerate the starting alkyne. If, however, the alkynide 
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ion is treated with a source of deuterons (D20), then the 
desired deuterated compound will be produced: 


Ze 1) NaNHp 
2) DO 


N 


owe owas 


9.59. The product is a methyl ketone, and the starting 
material is an alkene. We have not seen a method for 
directly converting an alkene into a ketone. However, 
we have seen a way of converting a terminal alkyne into 
a methyl ketone. 

Acid-catalyzed o 


Completing the synthesis requires that we first prepare 
the alkyne above from the starting alkene, shown in the 
problem statement. This can be accomplished via a two- 
step procedure. The alkene is treated with molecular 
bromine (Br2) to give a vicinal dibromide, which is then 
treated with excess NaNH: (followed by water work-up) 
to give an alkyne. And as mentioned earlier, the alkyne 


can be converted into the desired methyl ketone via acid- 
catalyzed hydration in the presence of mercuric sulfate: 


1) Bro O 
2) xs NaNH2 
A 
3) H20 
4) H2504, H20, 
HgSO,4 
| Br2 H2504, H20, 
HgSO, 
Br ` 
1) xs NaNH2 S 
2) H20 a 
Br 
(racemic) 


9.60. Since ozonolysis of the internal alkyne leads to 
only one carboxylic acid (rather than two), we can 
deduce that the internal alkyne must be symmetrical. If 
it has to be symmetrical, then it must be 4-octyne, since 
we installed a propyl group ourselves (that is, the starting 
alkyne already had one propyl group). 


—  1)NaNh? 
= a 2, | 
4-octyne 
O [Do | 
1) O3 
2 I 2) HO 
OH 2 


9.61. The acetylenic proton (pKa ~ 25) is not the most acidic proton in the compound. The OH group bears a more 
acidic proton (pKa ~ 18), so treatment with a strong base (such as sodium amide) will result in deprotonation of the OH 
group. The resulting alkoxide ion then serves as a nucleophile when treated with methyl iodide, giving an Sn2 reaction 


to generate the following product: 


oS 

GO \, 

ZEB NH, 
—.§sS FP 


9.62. The key to solving this problem is to recognize that the methyl groups are not actually migrating. We can see 
this more clearly, if we flip the product horizontally, and then compare it to the starting material: 


O OH 
A 


OH O 
R 
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When drawn in this way, we can see more clearly that it is just a tautomerization process. Protonation of the C=O bond 
gives an intermediate that is highly resonance stabilized. Deprotonation then gives the product: 


H H 
H 
ee `o o ` `> o 

Ry Ro R2 R1 R4 R2 

H 
H H 
th N 

H Hi Qe On 

H 


H 


HU H, HU H, HU H. w H ® 
SOx Oo (0) (0) (0) O: o 4o 
Je hy, S ee Oe IE 
R4 R2 R4 ® R2 R4 ® Ro R4 R; 


2 


9.63. Much like an enol, the starting material in this case (called an enamine) also undergoes tautomerization via a 
similar mechanism. That is, the double bond is first protonated to generate a resonance-stabilized cation, which is then 
deprotonated. Notice that, in the first step, the double bond is protonated, rather than the nitrogen atom. Protonation of 
the nitrogen atom does not result in a resonance-stabilized cation. 


CH3 tw H.C CH3 


N ny 
H+O@ 
\ 
A 
9.64. 


(a) The desired epoxide can be made from 2-pentyne via a dissolving metal reduction, followed by epoxidation. The 
necessary alkyne (2-pentyne) can be made through two successive alkylation processes, shown here: 


H_@_CH 
ONI i PES N 


1) Ha, 
Lindlar's catalyst 
2) HBr 


1) NaNH> 
2) Agr N 1) Na, NH3 (/) O 


S > + En 
3) NaNH> XN 2)RCO3H 7 
4) MeBr Et Me 


M 


(b) The desired epoxide can be made from 2-pentyne via hydrogenation (with a poisoned catalyst), followed by 
epoxidation. The necessary alkyne (2-pentyne) can be made through two successive alkylation processes, shown here: 


1) Ha, 
Lindlar's catalyst 
2) HBr 


1) NaNH> m 
2 
2) ~™pr wes, N Lindlar's catalyst 


a SS > + En 
3) NaNH» mT 2) RCO3H A 


4) MeBr 


M 
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9.65. In the presence of Brz, the alkyne is converted to a bromonium ion, which can be opened with water. The 
resulting oxonium ion is deprotonated to reveal an enol, which undergoes tautomerization to give the desired product: 


Zon, R Br 
R— = — 
En N 
i 
> 
(6) 
H~®~H 
R Br ae sy Br Br 
O H-0:> 


H Ye 


9.66. D30* is directly analogous to H30”, but the protons have been replaced with deuterons. In the presence of D30, 
tautomerization processes can occur. Below are two, successive tautomerization processes that can successfully 
explain formation of the deuterated product: 


on” N N pa 


DL © DY 
D-0@ Ox 9 
H D H DAH 
< 
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9.67. 
(a) Compare the structures of the starting material and product, and identify the part of the structure that must be 
modified: 


CH30 CH30 (BOC)>N 
°) (BOC) N ae (BOC)2 
CH0 F^ CH30 
na 
TA 


The rest of the structure remains unchanged. If we represent that part of the structure with an R group, the desired 
transformation can be shown as follows: 


A 
EZ 


R — ON 


This transformation can be achieved by deprotonation of the terminal alkyne (with NaNHz2) and subsequent treatment 
with an appropriate electrophile (in this case the electrophile is ClCH20CH2CH20CHs, called methoxy ethoxymethyl 
chloride or MEM chloride), followed by reduction of the alkyne group via hydrogenation. 


CH30 CH30 
(BOC))N (BOC)N 
mew T 1) NaNH2 
2) m 
cli” ~o7 ~~ NY 
| Ho, Pt 


CH30 
BOC)2N OL 


(b) The chiral center has the S configuration in both the starting material and the final product (the priorities, shown 
below, do not change as a result of the transformation). 


, ee ae 


1 4 1 4 
CH3O ee CH;0 
(BOC),N on (BOC)»N o 
CH30 ra CH;0 DA ar ae 
Oo o de o o de 
3 2 IN 3 2 y\ 


9.68. 
(a) Dimethyl sulfate has two electrophilic methyl groups, each of which can be transferred to an acetylide ion: 


ôt 


HaC- o— $- OCH; 


A mechanism is shown here. First, an acetylide ion functions as a nucleophile and attacks one of the methyl groups of 
dimethyl sulfate, thereby methylating the acetylide ion, giving propyne. Then, another acetylide ion attacks the 
remaining methyl group, to give a second equivalent of propyne. The ionic byproduct is Na2SO« (sodium sulfate), as 
shown. 
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o o 
g A An eo ll A 
H-C=Ci + HyC-O—S—O—CH > Í H-C=C-—CH3) + ~O—-S—O+CH; 


ne O Major product ne (0) 
©) © 
| H—C=C: Na 
if 
R o + H—C=C—CH3 
® I ® Mai 3 
Na © Na ajor product 


lonic byproduct 


(b) During the course of the reaction, propyne molecules are being generated in the presence of acetylide ions. Under 
these conditions, propyne is deprotonated to give an alkynide ion which can then function as a nucleophile and attack a 
methyl group of dimethyl sulfate, giving 2-butyne: 


© © 
Am ~ o o ~a 
HaCc—C=C H + :CEZC—H a= HC- CZC: + Hce 


Major product Acetylene 
O 
polo at gai 
L 


© 
H3C—C=C—CHg3 + i ik 
2-Butyne ne O 


Notice that in the first step of this process, an acetylide ion is converted to acetylene. This mechanism is therefore 
consistent with the observation that acetylene is present among the reaction products. 


(c) With diethyl sulfate, an ethyl group is transferred (rather than a methyl group). Therefore, the major product would 
be 1-butyne, as shown below: 


o o 

B A An o i 
H=C=C:< +  CHCH—0—$—0—CH;CHs > | H-C=C—CH,CH;. +`“O—S—0O-—CH,CH; 

ne (0) 1-butyne nÊ O 


The minor product would be 3-hexyne, as shown below: 


® @ 
a ČS a 
CH3CH2—C=C-—-H + :C=C—-H == —CH3CH2—C=C: + H—C=C—H 
1-butyne Acetylene 
nua 
CHCH —0—S—0—CH;CH; 
(@) 
(0) 
© lIl 
CH3CH2—C =C—CH2CH3 + O-S—O—CH:CHs 
3-Hexyne ne 
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9.69. Sodium amide is a strong base; before the alkyne isomerization occurs, the alcohol group in 1 will be 
deprotonated to form an alkoxide ion (a negative charge on an oxygen atom) which is carried through until the final 
reprotonation event (when H20 is introduced, which takes place after the transformation below is complete). 


The formation of an alkynide ion (stabilized by having the lone pair on the carbon atom in an sp hybridized orbital) 
serves as a driving force for the reaction (See solution to problem 9.8). After the transformation above is complete, 
water is introduced as a proton source, giving 2. The more strongly basic position is likely protonated first, followed 
by protonation of the alkoxide: 


9.70. 

(a) The problem statement indicates that the first mechanistic step for iodination of an alkyne is formation of a bridged 
iodonium intermediate, as shown below. This intermediate is analogous to the intermediate that we saw during 
halogenation of alkenes, although notice that the three-membered ring has a double bond (because the starting material 


was an alkyne, rather than an alkene). 


8 a 


lodonium ion 
intermediate 
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(b) As shown, the resulting carbocation would be vinylic, and we have seen that vinylic carbocations are generally too 
high in energy to form: 


r 
E es 
n ® 
vinylic carbocation 
(too high in energy to form) 
(c) The problem statement describes the following two-step mechanism, which avoids the formation of a vinylic 


carbocation intermediate. After the initial formation of the iodonium ion, the iodide anion can attack the second alkyne 
group, causing the 7-electrons to attack the iodonium ion, giving the final product. 


H-ch—te 


(a) The highlighted carbon atom has four o bonds, and is therefore sp? hybridized. As a result, the geometry around 
this carbon atom is expected to be tetrahedral, with approximate bond angles of 109.5°. 


(0) H sp? hybridized 


OHO 


(a) Compound 1 is an aldehyde, and its enol is shown here: 


O H HO H 


aldehyde enol 
If we explore the same carbon atom that we analyzed in part (a), we find that this carbon atom (highlighted below) is 
sp? hybridized, with approximate bond angles of 120°. 


HO _ H 


sp? hybridized 


(c) As we noted in the solutions to parts (a) and (b), we expect the bond angles to change when compound 1 is 
converted into its enol form. Specifically, there is an increase in the bond angles from 109.5° to 120°, as shown: 
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O — oC 


As such, the sterically demanding (bulky) aromatic rings are able to alleviate some steric strain in the enol form, 
relative to the aldehyde. In the aldehyde form, the aromatic rings are forced to be closer together in space. This steric 
effect causes the enol form to be particularly stable, and its concentration is significant (9.1%). 


(d) For compound 2, the following equilibrium is established between the aldehyde and the enol: 


O, H HO H 
| 


Once again, there is a change in hybridization state for the central carbon atom, and once again there is a steric effect. 
But in this case, the steric effect is more pronounced. The presence of the methyl groups causes the steric effect to be 
much greater, and as a result, the enol form is actually more stable than the aldehyde, because the enol form alleviates 
much of the significant steric strain present in the aldehyde form. 


9.72. 
(a) Begin by drawing the carbocation intermediate in this case: 


a 


This particular carbocation is stabilized by resonance, as shown below. 


mo Pi 
CC -eo 


(b) The mechanism described in the problem statement is shown. One of the alkyne groups is protonated resulting in 
the formation of a new C-H bond, and a resonance-stabilized vinyl carbocation. The z electrons from the other alkyne 
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attack this carbocation, resulting in the formation of a new C-C bond, and a new vinyl carbocation. Nucleophilic attack 
of water, followed by deprotonation gives the enol, which tautomerizes to form the ketone, as shown: 


HÖ:N, 
H 


ni 


N 


9.73. The products are carbon dioxide and a carboxylic acid, so we must be dealing with a terminal alkyne: 


O (0) 
ies 1) O3 II 
=s=—R > C + R 
2) DMS j 
O 


HO 


In this case, R = CH3, so the correct answer is (a): 


9.74. Answer (c) involves hydroboration-oxidation of a terminal alkyne, which would give an aldehyde (not a ketone): 


7™ RBH H 
o 
a 2) H202, NaOH yx 


9.75. The reaction shows the conversion of an internal alkyne into a trans alkene. This can be accomplished via a 
dissolving metal reduction, which employs sodium in liquid ammonia. The answer is (c). 
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9.76. 
(a) If the tautomerization process is base-catalyzed, then the first step will be deprotonation to give a resonance 
stabilized anion, which is then protonated to give the tautomer. 


\ oO 
UH 
N 9 
:Base 

D H 
H n’ N 

N 

ar 


(0) 


LH 
1 A 
N Base—H 
NN ase 
N H o 
H HN* N 


(b) If the tautomerization process is acid-catalyzed, then the first step will be protonation to give a resonance stabilized 
cation, which is then deprotonated to give the tautomer. 


(c) The more stable tautomer is likely the one that can form an intramolecular hydrogen bonding interaction: 


\ Oo 


www.MyEbookNiche.eCrater.com 


316 CHAPTER 9 


9.77. 

(a) The molecular formula of compound 2 indicates that five carbon atoms have been installed (compound 1 contains 
only eight carbon atoms, while compound 2 contains thirteen carbon atoms). The lack of oxygen atoms in the 
molecular formula of compound 2 also indicates that the acetate group (OAc) has been completely removed, but the 
nitrogen atom is still present. These observations are consistent with the following structure, which can be formed via 
a substitution reaction in which the nitrogen atom of the indoline ring functions as the nucleophilic center, and the 
acetate group functions as a leaving group. 


AcO 


z= 
N CuCl, i-Pr2NEt 


l N 
1 H 2 — 


Since the substrate is tertiary, an Sn2 pathway is too slow to be viable, as the result of steric hindrance. As such, the 
reaction must proceed via an Snl pathway: 


i-Pr 
le iS) 
i-Pr—N—H AcO 


| 
N Et 
2 > 


(b) The reduction of the alkyne group to an alkene group can be accomplished by treating compound 2 with H2 and 


Lindlar’s catalyst. 
CO = CL 
— r 
Lindlar's 
N catalyst N Jf 
2 J~s 3 A 


9.78. 

(a) The following is a wedge-and-dash structure for the anti-anti conformation of pentane. Notice that C1 and C4 are 
anti to each other (when looking down the C2-C3 bond), while C2 and C5 are also anti to each other (when looking 
down the C3-C4 bond). 
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The following is a wedge-and-dash structure for the anti-gauche conformation of pentane. Notice that C1 and C4 are 


anti to each other (when looking down the C2-C3 bond), while C2 and C5 are gauche to each other (when looking 
down the C3-C4 bond). 


(b) The following conformer of 3-heptyne is analogous to the anti-anti conformer of pentane. Notice that C1 and C6 


are anti to each other (when looking down the alkyne group), while C4 and C7 are also anti to each other (when 
looking down the C5-C6 bond). 


(c) In each of the lowest energy conformations of 3-heptyne, C1 and C6 are eclipsing each other (when looking down 


the alkyne group), as shown below. Note that the wedge-and-dash structure below is one of the two low-energy 
conformations, where C4 and C7 are anti: 


observer 


(d) The difference between the two lowest energy conformations of 3-heptyne can be seen when looking down the C5- 
C6 bond. In one conformation, C4 and C7 are anti to each other, as shown below. 


4 
© R 
H H 
Look down ——> » hs 
this bond 
E H’ è H 


7 CHs 


( R= $-c=0—ch,cHs | 


In the other conformation, C4 and C7 are gauche, as shown here: 


R 
4 H H 6 bn, 
Look down — fo» = 
this bond H fr H H H 


( R= §c=c—cH,ck | 
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9.79. 
(a) The following are the two possible vinyl cations (A and B) that can be produced when phenyl-substituted 


acetylenes (1a-d) are treated with HC1: 


Cl 
/. 
H 
H 
1 
@c 
/ 
R A 
cl, 
tr, 
` M © 
R—C=C —$<<—=— fae 
R 


The empty 2p orbital (of the C+ atom) in cation A cannot be stabilized via resonance interaction with the aromatic ring, 
so we expect this cation to be highly unstable (as is the case for most vinyl carbocations). In contrast, the empty p- 
orbital of cation B can overlap effectively with the n system of the aromatic ring: 


Since cation B is resonance-stabilized, it is much more stable than a typical vinyl carbocation. That is, cation B is more 
stable than cation A, explaining the regioselectivity observed in this series of hydrohalogenation reactions. This 
explains why Cl is installed at the benzylic position (the position next to the aromatic ring), because that is the location 
of the most stable carbocation. 
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(b) The stereoselectivity can be explained by considering the steric effects involved in the two competing transition 


states: 
m -eS 4 
:Cl: 
H ae H / 
\ @ *Cl: tt 
C=C—-Ph ——~> C=C~p, 
/ / & 
R R 
L 2 J 
i Ya Ph 
C=C-—-Ph —~ ~> C=C 
/ “Cl: 7 ` 
R O): 
NG 5 


H Cl 
\ / 
— C=C 
/ \ 

R Ph 

H Ph 
\ 7 
—_— C=C 
/ \ 

R CI 


Attack of chloride on the vinyl carbocation via transition state 2 gives the E isomer, while transition state 3 results in 
the Z isomer. The latter involves a steric interaction between the alkyl group and the chloro group. For a small R group 
(such as R = Me), the preference for the E isomer is relatively small (70:30). As the size of the R group increases, the 
preference for the E isomer is enhanced. When R is a t-butyl group, the E isomer is the exclusive product. 
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Radical Reactions 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 10. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 
Vocabulary. 


e Radical mechanisms utilize fishhook arrows, each of which represents the flow of 


e Every step in a radical mechanism can be classified as initiation, , or termination. 
e =A radical initiator is a compound with a weak bond that readily undergoes 


e A , also called a radical scavenger, is a compound that prevents a chain 


process from either getting started or continuing. 
° is more selective than chlorination. 


e When anew chiral center is created during a radical halogenation process, a 
mixture is obtained. 


° can undergo allylic bromination, in which bromination occurs at the allylic 
position. 

e Organic compounds undergo oxidation in the presence of atmospheric oxygen to produce 
hydroperoxides. This process, called , is believed to proceed via a 

mechanism. 
e Antioxidants, such as BHT and BHA, are used as food preservatives to prevent autooxidation of 
oils. 
e When vinyl chloride is polymerized, is obtained. 
e Radical halogenation provides a method for introducing into an alkane. 
Review of Skills 


Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 
the end of Chapter 10. The answers appear in the section entitled Skil/Builder Review. 


10.1 Drawing Resonance Structures of Radicals 


DRAW A RESONANCE STRUCTURE OF THE RADICAL BELOW, AS WELL 
AS THE FISHHOOK ARROWS THAT SHOW ITS FORMATION: 


Cl — 


10.2 Identifying the Weakest C-H Bond in a Compound 


IDENTIFY THE WEAKEST C-H BOND IN THE FOLLOWING COMPOUND: 


Ace 
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10.3 Identifying a Radical Pattern and Drawing Fishhook Arrows 


DRAW THE FISHHOOK ARROWS FOR EACH OF THE SIX PATTERNS SHOWN BELOW: 
Homolytic Addition Hydrogen Halogen eo as : 

Cleavage to a n Bond Abstraction Abstraction Elimination Coupling 

r ~ a Ny 
xX: X 
x—x — X H-R R? X-X ia xo °xX 
X X 
X? ‘°X \ X—-H 'R R-X 'X — X— X 


10.4 Drawing a Mechanism for Radical Halogenation 
INITIATION PROPAGATION TERMINATION 
DRAW FISHHOOK DRAW FISHHOOK ARROWS FOR THE DRAW FISHHOOK ARROWS FOR THE 
ARROWS FOR THE PROPAGATION STEPS BELOW: TERMINATION STEP BELOW: 
INITIATION STEP 
BELOW: R R 
y R HYDROGEN ABSTRACTION R R-C : +X: R-C-X: 
"es isa | .. | ns .. oe 
R-C—H Xi —> R-C HX: R R 
i l S 
| hv R R 
: x : i 7 i R HALOGEN ABSTRACTION R 
A = R-C' X—X: — R G KX 
R R 


10.5 Predicting the Selectivity of Radical Bromination 


DRAW THE EXPECTED MAJOR PRODUCT OF THE FOLLOWING MONOBROMINATION REACTION: 


10.6 Predicting the Stereochemical Outcome of Radical Bromination 


DRAW THE EXPECTED PRODUCTS OF THE FOLLOWING REACTION: 


iid 
/ Bro 
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10.7 Predicting the Products of Allylic Bromination 


DRAW THE EXPECTED PRODUCTS OF THE FOLLOWING REACTION: 


10.8 Predicting the Products for Radical Addition of HBr 


DRAW THE EXPECTED PRODUCTS OF THE FOLLOWING REACTION: 


Review of Reactions 

Identify the reagents necessary to achieve each of the following transformations. To verify that your 
answers are correct, look in your textbook at the end of Chapter 10. The answers appear in the section 
entitled Review of Synthetically Useful Radical Reactions. 


ee 
=- — yY 
= — > 


Common Mistakes to Avoid 
When drawing a mechanism for a radical process, make sure that all curved arrows are single-barbed 
(called fishhook arrows), rather than double-barbed. For example, look closely at the head of each of the 


following fishhook arrows: 

H 

| Nz: 
Hoh > ge 


H 


Each of these single-barbed arrows indicates the motion of one electron, while double-barbed arrows 
indicate the motion of two electrons. All of the mechanisms presented in this chapter utilize single-barbed 
arrows. Make sure to draw them properly. 
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Useful Reagents 


CHAPTER 10 


The following is a list of common reagents covered in this chapter: 


323 


Reagents Name of Reaction Description of Reaction 
Under these conditions, an alkane undergoes 
Bro, hv Radical bromination | bromination, with installation of the Br at the most 
substituted position. 
Under these conditions, an alkane undergoes 
chlorination. This reaction is less selective than 
Ch, Av Radical chlorination bromination (but faster), and as such, it is generally 
most useful in situations where only one regiochemical 
outcome is possible (such as chlorination of 
cyclohexane or chlorination of 2,2-dimethylpropane). 
When treated with HBr in the presence of peroxides, an 
HBr, ROOR Hydrobromination | alkene undergoes anti-Markovnikov addition of H and 
Br. 
NBS, or N-bromosuccinimide, is a reagent that can be 
NBS, Av Allylic bromination | used to install a bromine atom at the allylic position of 
an alkene. 
Solutions 
10.1. (b) The unpaired electron occupies an allylic position, 
(a) The tertiary radical is the most stable, because alkyl so it is resonance-stabilized. Three fishhook arrows are 
groups stabilize the unpaired electron via a required, as shown below. The resulting resonance 
delocalization effect, called hyperconjugation. The structure exhibits an unpaired electron that is allylic to 


primary radical is the least stable, because it lacks the 
stabilizing effect provided by multiple alkyl groups. 


Increasing Stability 
(b) The tertiary radical is the most stable, because alkyl 
groups stabilize the unpaired electron via a 
delocalization effect, called hyperconjugation. The 
primary radical is the least stable, because it lacks the 


stabilizing effect provided by multiple alkyl groups. 
Increasing Stability 

10.2. 

(a) The unpaired electron occupies an allylic position, so 


it is resonance-stabilized. Three fishhook arrows are 
required, as shown: 


ft — OH 


another z bond, so again we draw three fishhook arrows 
to arrive at another resonance structure: 


Or 


(c) The unpaired electron occupies an allylic position, so 
it is resonance-stabilized. Three fishhook arrows are 
required, as shown below. The resulting resonance 
structure exhibits an unpaired electron that is allylic to 
another 1 bond, so again we draw three fishhook arrows 
to arrive at another resonance structure: 


OL Ce C 
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(d) The unpaired electron occupies an allylic position, 
so it is resonance-stabilized. Three fishhook arrows are 
required, as shown: 


Ge OL 


Note that the other = bond does not participate in 
resonance, because the unpaired electron is not allylic to 
that z bond. 


10.3. The following hydrogen atom (highlighted) is 


connected to an allylic position, and its removal will 
generate a resonance-stabilized radical: 


H | CH3 CH3 


Hydrogen abstraction 
> 


(resonance-stabilized) 


To draw the resonance structures for this radical, we 
begin by drawing three fishhook arrows. The resulting 
resonance structure also exhibits an unpaired electron 
that is allylic to a mbond, so again we draw three 
fishhook arrows as well as the resulting resonance 
structure. This process continues until we have drawn all 
five resonance structures, shown here: 


10.4. This radical is unusually stable, because it has a large number of resonance structures, so the unpaired electron 
is highly delocalized. As shown below, three fishhook arrows are required in order to draw each resonance structure: 
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10.5. 

(a) We consider each of the C-H bonds in the 
compound, and in each case, we imagine the radical that 
would result from homolytic cleavage of that C-H bond. 
Among all the C-H bonds, only one of them can undergo 
homolytic cleavage to generate a resonance-stabilized 
radical. Specifically, removal of the highlighted 
hydrogen atom will result in an allylic radical. And 
therefore, this C-H bond is the weakest C-H bond in the 
compound: 


Hydrogen 


abstraction 
— 


(resonance-stabilized) 


(b) We consider each of the C-H bonds in the 
compound, and in each case, we imagine the radical that 
would result from homolytic cleavage of that C-H bond. 
There are only two different kinds of C-H bonds that can 
undergo homolytic cleavage to generate a resonance- 
stabilized radical. Specifically, removing either of the 
highlighted hydrogen atoms will result in a resonance- 
stabilized intermediate (with three resonance structures): 


H 


H 
H 


These two locations represent the two weakest C-H 
bonds in the compound. Between the two of them, the 
weaker C-H bond is the one that gives a tertiary allylic 
radical upon removal of the hydrogen atom (rather than a 


secondary allylic radical): 
tertiary allylic 


secondary allylic 


A tertiary allylic radical is more stable than a secondary 
allylic radical, so the following C-H bond is the weakest 
C-H bond in the compound: 


CHAPTER 10 325 


(c) We consider each of the C-H bonds in the 
compound, and in each case, we imagine the radical that 
would result from homolytic cleavage of that C-H bond. 
Among all the different types of C-H bonds, only one 
location can undergo homolytic cleavage to generate a 
resonance-stabilized radical. Specifically, removal of the 
highlighted hydrogen atom will result in an allylic 
radical. And therefore, this C-H bond is the weakest C- 
H bond in the compound: 


Hydrogen 
abstraction 


(resonance-stabilized) 


(d) We consider each of the C-H bonds in the 
compound, and in each case, we imagine the radical that 
would result from homolytic cleavage of that C-H bond. 
There are only two different kinds of C-H bonds that can 
undergo homolytic cleavage to generate a resonance- 
stabilized radical. Specifically, removing either of the 
highlighted hydrogen atoms will result in a resonance- 
stabilized intermediate (with two resonance structures): 


H 
XA 
These two locations represent the two weakest C-H 
bonds in the compound. Between the two of them, the 


weaker C-H bond is the one that gives a tertiary allylic 
radical upon removal of the hydrogen atom: 


tertiary allylic 


Therefore, the following C-H bond is the weakest C-H 
bond in the compound: 


H 


BRA 
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10.6. We begin by drawing the resonance structures of the radical that is formed when Ha is abstracted, as well as the 
resonance structures of the radical that is formed when Hb is abstracted: 


Hydrogen | 
Ha UK Abstraction oft Sa 
/ NX ape he iga 
V 
Hydrogen [ 
Pad: Abstraction D 
T 7 A AL ba 


=~ 


Compare the resonance structures in each case. Specifically, look at the middle resonance structure in each case. 
When Hb is abstracted, the middle resonance structure is tertiary, and the effect of the methyl group is to stabilize the 
radical. This stabilizing factor is not present when Ha is abstracted. Therefore, we expect the C-Hb bond to be slightly 
weaker than the C-Ha bond. 


10.7. Imagine homolytically breaking each different type of C-H bond in the compound and then evaluate the stability 


of the resulting radical. There are ten locations to consider. Starting with the methyl group at the top, and proceeding 
methodically clockwise around the structure, gives the following analysis: 


roe] È Yg 


Allylic Cannot form radical here Vinylic Allylic 
Primary and Secondary (No C-H bond) Secondary and Tertiary 
7 Allylic Cannot form radical here Vinylic Allylic 
Tertiary and Primary (No C-H bond) Primary and Primary 
=> 
Seconday Alle 


Secondary and Secondary 


Two positions have no H atoms attached and therefore cannot react. Loss of a hydrogen atom at each of the remaining 
eight positions yields the eight radicals as shown. Two are vinylic, one is secondary and five are allylic. Each of the 
allylic radicals has two resonance forms and we must consider those forms when evaluating their relative stability. It 
appears that the most stable allylic radical has the unpaired electron delocalized over a secondary and a tertiary 
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position, while the other allylic radicals are less substituted. Based on this, we conclude that the following C-H bonds 
are the weakest, since removal of a hydrogen atom from this location yields the most stable radical. 


H 


Weakest C-H Bonds 


10.8. 

(a) This step is a hydrogen abstraction, which requires a total of three fishhook arrows. In order to place the fishhook 
arrows properly, we must identify any bonds being formed (C-H) and any bonds being broken (H—Br). Formation of 
the C-H bond is shown with two fishhook arrows: one coming from the carbon radical and the other coming from the 
H-Br bond. The latter, together with the third fishhook arrow, shows the breaking of the H—Br bond: 


N Hydrogen H 
A .. bstracti oe 
CU Pi, e s 2 


(b) This step is addition to a n bond, which requires a total of three fishhook arrows. In order to place the fishhook 
arrows properly, we must identify any bonds being formed (C-Br) and any bonds being broken (C=C r bond). 
Formation of the C—Br bond is shown with two fishhook arrows: one coming from the r bond and the other coming 
from the bromine radical. The former, together with the third fishhook arrow, shows the breaking of the C=C r bond: 


Addition 
CR ian. br: to a pi bond Cr 
SA = 


(c) This step is a coupling process, which requires a total of two fishhook arrows, showing formation of a bond (in this 
case, a C-C bond is formed): 


~~ ZN i Coupling a 


(d) This step is a hydrogen abstraction, which requires a total of three fishhook arrows. In order to place the fishhook 
arrows properly, we must identify any bonds being formed (H—Br) and any bonds being broken (C-H). Formation of 
the H-Br bond is shown with two fishhook arrows: one coming from the bromine radical and the other coming from 
the C-H bond. The latter, together with the third fishhook arrow, shows the breaking of the C-H bond: 


H 
a ie a: Hydrogen A 
ue, abstraction Q 
B: —— ~~ + HBr 


(e) This step is an elimination, which requires a total of three fishhook arrows. In order to place the fishhook arrows 
properly, we must identify any bonds being formed (a C=C x bond) and any bonds being broken (C-C). Formation of 
the C=C r bond is shown with two fishhook arrows: one coming from the carbon radical and the other coming from 
the neighboring C-C bond. The latter, together with the third fishhook arrow, shows the breaking of the C-C bond: 


Be Elimination ae # a 
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(f) This step is a homolytic bond cleavage, which requires a total of two fishhook arrows, showing breaking of a bond 


(in this case, an O-O bond is broken): 


Homolytic 
O 0 bond cleavage oO 
i = Fe 
:0"-0: re 


10.9. In this intramolecular process, a radical is reacting 
with a n bond. One z bond is broken and one o bond is 
formed in this step — these bonds are highlighted below: 


a 


OEt EtO 


H 


m bond broken o bond formed 
This step is an example of addition to a n bond, which 
requires three fishhook arrows. Two of these arrows 
show formation of the new o bond, and the other arrow 
shows where the unpaired electron will be located in 
intermediate 3. 


10.10. 

(a) The mechanism will have three distinct stages. The 
first stage is initiation, in which the CI-Cl bond is broken 
to generate chlorine radicals. This step requires two 
fishhook arrows, as shown. There are two propagation 
steps (hydrogen abstraction and halogen abstraction), 
each of which requires three fishhook arrows (to show 
the bonds being broken and formed). Finally, there are 
many steps that can serve as termination steps, because 
there are many radicals that can couple together under 
these conditions. Shown here is a termination step that 
generates the desired product, but it is still considered to 


be a termination step because this step reduces the 
number of radicals present in the reaction flask (two 
radicals are destroyed, without generating new radicals): 


Initiation 
Homolytic cleavage 
5 -/) N .. hv .. ee 
:CI——-Cl: > Or “Cl: 


Propagation 
Hydrogen 


Cl ; CI 
bstraction 
] . a | “2 
nol Nä: —> — H—Cl: 
CI CI 
Halogen 
CI abstraction CI 
| ie N Nes | ie i 
Hoo Bene > H N Cl: ‘Cl: 
CI CI 
Termination 
TA i x Coupling T 
Sa c: —> HEN 
CI CI 


(b) The mechanism will have three distinct stages. The 
first stage is initiation, in which the CI-Cl bond is broken 
to generate chlorine radicals. This step requires two 
fishhook arrows, as shown. There are two propagation 
steps (hydrogen abstraction and halogen abstraction), 
each of which requires three fishhook arrows (to show 
the bonds being broken and formed). Finally, there are 
many steps that can serve as termination steps, because 
there are many radicals that can couple together under 
these conditions. Shown here is a termination step that 
generates the desired product, but it is still considered to 
be a termination step because this step reduces the 
number of radicals present in the reaction flask (two 
radicals are destroyed, without generating new radicals): 
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Initiation 
Homolytic cleavage 
Gute. —/ a -a: 
Propagation 
Cr Hydrogen cI 
bstraction 
| f\. a | E 
oie ‘ci: —> SEa H—CI: 
CI CI 
Halogen 
Cl abstraction Cl 
PW es, ! 
CI—C' :CI-——Cl: —> a am CI 
Cl Cl 
Termination 
A. (Coupling T° a 
a “Cl: ———— _ cl—C—Cl: 
Cl CI 


(c) The mechanism will have three distinct stages. The 
first stage is initiation, in which the CI-Cl bond is broken 
to generate chlorine radicals. This step requires two 
fishhook arrows, as shown. There are two propagation 
steps (hydrogen abstraction and halogen abstraction), 
each of which requires three fishhook arrows (to show 
the bonds being broken and formed). Finally, there are 
many steps that can serve as termination steps, because 
there are many radicals that can couple together under 
these conditions. Shown below is a termination step that 
generates the desired product, but it is still considered to 
be a termination step because this step reduces the 
number of radicals present in the reaction flask (two 
radicals are destroyed, without generating new radicals): 


Initiation 
Homolytic cleavage 
ae as hv a é 
anba: Ss" Cr “Ch: 
Propagation 
H Hydrogen H 
bstraction 
l An a | si 
Hog ly “Cl: —> hee H—CI: 
H H 
Halogen 
H abstraction H 
HESE >CI—-Cl: —> a a “Cl: 
H H 
Termination 
H Couplin H 
ANg pg s 
RBOSE “Cl: ——  H3C—C—Cl: 
H H 
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(d) The mechanism will have three distinct stages. The 
first stage is initiation, in which the CI-Cl bond is broken 
to generate chlorine radicals. This step requires two 
fishhook arrows, as shown. There are two propagation 
steps (hydrogen abstraction and halogen abstraction), 
each of which requires three fishhook arrows (to show 
the bonds being broken and formed). Finally, there are 
many steps that can serve as termination steps, because 
there are many radicals that can couple together under 
these conditions. Shown below is a termination step that 
actually generates the desired product, but it is still 
considered to be a termination step because this step 
reduces the number of radicals present in the reaction 
flask (two radicals are destroyed, without generating new 
radicals): 


Initiation 
Homolytic cleavage 
oe es hv .. os 
Ne: —— > C “Cl: 
Propagation 
H Hydrogen H 
bstraction 
| Aea | n 
anc— ly “Cl: —> cia a H—Cl: 
H H 
Halogen 
H abstraction H 
CI c=6/ ree. —> ChO=0=Çl: “Cl: 
H H 
Termination 
H j H 
ata te Coupling (ws 
H H 


(e) The mechanism will have three distinct stages. The 
first stage is initiation, in which the CI-Cl bond is broken 
to generate chlorine radicals. This step requires two 
fishhook arrows, as shown. There are two propagation 
steps (hydrogen abstraction and halogen abstraction), 
each of which requires three fishhook arrows (to show 
the bonds being broken and formed). Finally, there are 
many steps that can serve as termination steps, because 
there are many radicals that can couple together under 
these conditions. Shown here is a termination step that 
actually generates the desired product, but it is still 
considered to be a termination step because this step 
reduces the number of radicals present in the reaction 
flask (two radicals are destroyed, without generating new 
radicals): 
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Initiation 
Homolytic cleavage 
at Ney uae Cl Cl 


Hydrogen 
ql NAON _, abstraction 4 H 7 
ee “Cl: —> ae a a H—Cl: 
Cl H Cl H 
Halogen 
Cl H abstraction Cl H 
E LAAN 
ee Cc: : CI-—CI —> H= a CI 
CI H CI H 
Termination 
CI H Coupling Cl H 
| 1⁄4 p Lo 
a cl = H3C q F Cl 
Cl H CI H 
10.11. 


(a) The mechanism for radical bromination of methane 
will have three distinct stages. The first stage is 
initiation, which creates bromine radicals. This initiation 
step involves homolytic bond cleavage (using Br2 and 
either heat or light) and should employ two fishhook 
arrows. 


gf: hv r P “Br: 


The next stage involves propagation steps. There are two 
propagation steps: hydrogen abstraction to remove a 
hydrogen atom, followed by halogen abstraction to 
attach a bromine atom. Each of these steps should have 
three fishhook arrows. These two steps together 
represent the core reaction. They show how the product 
is formed. 


H H 
| ‘ar | E 
TUIA Br: —> H=: + H—Br: 
H H 
H H 
| és zi | 
He O Eg —> Hace + ‘Br 
H H 


There are a number of possible termination steps to end 
the process. When drawing a mechanism for a radical 
reaction it is generally not necessary to draw all possible 
termination steps unless specifically asked to do so. It is 
sufficient to draw one termination step. Shown here is 
one termination step that also happens to produce the 
desired product. 


H H 
| es | 
Hol Ng + -ë 
H H 


(b) During the bromination of methane, methyl radicals 
are produced. If two of these methyl radicals combine in 
a termination step, ethane is produced: 


Initiation 
dg ir h 
BAD te Br + Èr 
Propagation 
H H 
ae | i 
H—C-—-H Br H—C: + iBr—H 
IN l 5 
H H 
Termination 
H H H H 
y Ci 
HSG Emh — ae 
H H H H 
10.12. 


(a) The tertiary position is expected to undergo selective 
bromination, giving the following alkyl bromide: 


"> 


(b) The tertiary position is expected to undergo selective 
bromination, giving the following alkyl bromide: 


ae 


(c) The tertiary position is expected to undergo selective 
bromination, giving the following alkyl bromide: 


Br 


10.13. The tertiary allylic position is expected to 
undergo selective bromination, giving the following 
alkyl bromide as the major product: 


Major 


Bromination at the benzylic position is also favorable 
because it proceeds via a resonance-stabilized, benzylic 
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radical intermediate. The minor product thus has a 
second bromine atom attached at the benzylic position: 


Br 
OCH3 O oS 
O 
Br 
O 
Minor 


10.14. 

(a) The starting compound contains only one tertiary 
position, so bromination occurs at this position. The 
product does not contain a chiral center: 


Br 


no chiral center 


(b) The starting compound contains only one tertiary 
position, so bromination occurs at this position. This 
position is an existing chiral center, so we expect loss of 
configuration to produce both possible enantiomers: 


w") 
7 
we 


(c) The starting compound contains only one tertiary 
position, so bromination occurs at this position. This 
position is an existing chiral center, so we expect loss of 
configuration to produce both possible enantiomers: 


Br Br 


= 


nay 


(d) The starting compound contains only one tertiary 
position, so bromination occurs at this position. This 
position is an existing chiral center, so we expect loss of 
configuration to produce both possible stereoisomers: 


+ 


Notice that the other chiral center was unaffected by the 
reaction. The products are diastereomers. 
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10.15. The position undergoing halogenation is an 
existing chiral center, so we expect loss of configuration 
to produce both possible stereoisomers: 


OAc OAc 


AcO COMe * AcO Br 


Notice that the other chiral centers are unaffected by the 
reaction. The products are diastereomers so they are not 
expected to be formed in equal amounts. 


10.16. 
(a) We begin by identifying allylic positions. There are 
four: 


allylic positions 


But two of these positions (the top two positions in the 
structure above) lack hydrogen atoms. So those 
positions cannot undergo radical bromination (a C-H 
bond is necessary because a key step in the mechanism is 
a hydrogen abstraction step). The remaining two allylic 
positions are identical (the molecule has a plane of 
symmetry that renders these two positions identical): 


Nw 


identical 


So, we only need to consider allylic bromination 
occurring at one of these positions. To do that, we 
remove a hydrogen atom from the allylic position and 
draw the resonance structures of the resulting allylic 
radical: 


om 7 IL 


Finally, we use these resonance structures to determine 
the products, by placing a bromine atom at the position 
of the unpaired electron in each resonance structure: 
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(b) We begin by identifying the allylic positions. There 
are two: 


allylic 
positions 


But one of these positions (the top position in the 
structure above) lacks a hydrogen atom. So this position 
cannot undergo radical bromination (a C-H bond is 
necessary because a key step in the mechanism is a 
hydrogen abstraction step). So, we only need to consider 
allylic bromination occurring at one position. To do that, 
we remove a hydrogen atom from the allylic position and 
draw the resonance structures of the resulting allylic 
radical: 


me m ~ 


Finally, we use these resonance structures to determine 
the products, by placing a bromine atom at the position 
of the unpaired electron in each resonance structure. In 
this case, our methodical approach has produced two 
structures that are identical compounds, so this reaction 
has only one product: 


(c) We begin by identifying allylic positions. There are 
two: 


S 


allylic positions 


But these two positions are identical (symmetry). So, we 
only need to consider allylic bromination occurring at 
one of these positions. To do that, we remove a 
hydrogen atom from the allylic position and draw the 
resonance structures of the resulting allylic radical: 


5 — 


Finally, we use these resonance structures to determine 
the products, by placing a bromine atom at the position 
of the unpaired electron in each resonance structure: 


Br 
+ 
EA says 
Br 


(d) We begin by identifying allylic positions. There is 
only one in this case: 


sA 


allylic position 


Next, we remove a hydrogen atom from the allylic 
position and draw the resonance structures of the 
resulting allylic radical: 


Finally, we use these resonance structures to determine 
the products, by placing a bromine atom at the position 
of the unpaired electron in each resonance structure: 


Br 


www.MyEbookNiche.eCrater.com 


CHAPTER 10 333 


10.17. We begin by drawing the starting compound (2-methyl-2-butene) and identifying the allylic positions 
(highlighted below). Each of these three positions can undergo hydrogen abstraction to give a resonance-stabilized 
radical, shown below. The resulting products are also shown. Notice that there are a total of five products, labeled 1 — 
5. Notice that compound 4 is the only product that exhibits a chiral center. As such, a racemic mixture of compound 4 
is expected. 


Hydrogen 


Br 
: Halogen 
abstraction » eae 4 } Wj abstraction ; 2. ) pe 
=> : — + 
Br 
1 2 
Hydrogen 2 Halogen Br 
— abstraction abstraction Da 
y= } —/ \ / = P \ é 
Br 
3 4 


2-methyl-2-butene 
(racemic mixture) 


Hydrogen Halogen 
abstraction abstraction Da 
f j ) / i => ) ( 
: Br Br 
5 4 


(racemic mixture) 


10.18. This compound has two allylic positions (highlighted below, A and B). Each allylic position has hydrogen 
atoms that can be abstracted, so we will need to consider products resulting from abstraction at each allylic position. 


A g sCO2Et 
B 


First, draw the resonance structures that result from abstracting a hydrogen atom from position A (in the first 


propagation step). 
, CO.Et CO>Et 
L Di 


Then, halogen abstraction (in the second propagation step) can occur from either resonance structure, resulting in two 


possible regiochemical outcomes: 
, COÆt COÆt 
OQ + UO 
Br CO Et COEt 
+ 
Br 
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Now consider the stereochemical outcome in each of these cases. As described in Section 10.6, the bromine atom can 
be installed on either face (front or back) of the radical. This gives four isomers, which represent two pairs of 
diastereomers, as shown: 


“Cl = oe Bry, oi 


Diastereomers 


COÆt COÆt COÆt 


Diastereomers 


Now let’s start over again, and draw the resonance structures that result from abstracting a hydrogen atom from the 
other allylic position (in the first propagation step): 


CO.Et 


Once again, halogen abstraction (in the second propagation step) can occur from either resonance structure, resulting in 


two more constitutional isomers: 
CODEt 
fy 


oar or 
Br 


And once again, the bromine atom can be installed on either face (front or back) of the radical. This gives four 
isomers, which represent two pairs of diastereomers, as shown: 


COEt CO.Et COEt 
Br Br “Br 


COÆt 


COÆEt COEt CO>Et 
O = kaxa “ e 
Br Br Br 


Diastereomers 
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In summary, there are four possible isomeric products that result from hydrogen abstraction at position 1 and four 
possible isomeric products that result from hydrogen abstraction at position 2. This gives a total of eight isomeric 


products, which represent four pairs of diastereomers: 


—— Bry, COzEt 
+ 


COÆt 
| ' 
Br 


CO2Et 
a“ 
Br 
CO 2Et 
oa 
Br 


10.19. As seen in Section 10.8, destruction of ozone in 
the atmosphere occurs via the following two propagation 
steps (where Re represents a radical, such as Cle, that is 
responsible for destroying ozone): 


First propagation step 
Ro + Q —— PF R—-O" + Q 


Second propagation step 
R= O š $ 3 O . O + R: 

If we redraw this mechanism with nitric oxide serving as 

the radical that destroys ozone, we get the following: 


First propagation step 


O=N + O ——~ O=N—-O: + O2 


Second propagation step 


ö=Ñ-ö + cö —— o + Sal 


10.20. Radicals will react with BHT and BHA because 
each of these compounds has a hydrogen atom that can 
be readily abstracted, thereby generating a resonance- 
stabilized radical. In each case, the phenolic hydrogen 
atom is abstracted (the hydrogen atom of the OH group 
connected to the aromatic ring). Similarly, vitamin E 


Br 
eo 
“Br 


Br 


also exhibits a phenolic hydrogen atom. Abstraction of 
this hydrogen atom (highlighted below) gives a 
resonance-stabilized radical. 


Vitamin E 


10.21. 

(a) The reagent (HBr) indicates that H and Br are added 
across the n bond. In the presence of peroxides (ROOR), 
we expect an anti-Markovnikov addition. That is, the 
bromine atom is installed at the less substituted position. 
In this case, one new chiral center is created, which 
results in a racemic mixture of the two possible 
enantiomers. 


HBr 
ROOR 


Br + Poitier 


(b) The reagent (HBr) indicates that H and Br are added 
across the m bond. In the presence of peroxides (ROOR), 
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we expect an anti-Markovnikov addition. That is, the 
bromine atom is installed at the less substituted position. 
In this case, no new chiral centers are formed: 


HBr Br 
— 
ROOR 
(no chiral centers) 


(c) The reagent (HBr) indicates that H and Br are added 
across the m bond. In the presence of peroxides (ROOR), 
we expect an anti-Markovnikov addition. That is, the 
bromine atom is installed at the less substituted position. 
In this case, one new chiral center is created, which 
results in a racemic mixture of the two possible 


enantiomers. 
HBr 
ere + / 
ROOR E 
Br Br 
(d) The reagent (HBr) indicates that H and Br are added 
across the m bond. In the presence of peroxides (ROOR), 
we expect an anti-Markovnikov addition. That is, the 
bromine atom is installed at the less substituted position. 
In this case, one new chiral center is created, which 


results in a racemic mixture of the two possible 
enantiomers. 


Ds ae | 


w 


i Br 


(e) The reagent (HBr) indicates that H and Br are added 
across the bond. In the presence of peroxides (ROOR), 
we expect an anti-Markovnikov addition. That is, the 
bromine atom is installed at the less substituted position. 
In this case, no new chiral centers are formed: 


HBr 
—— 
ROOR / 
Br 


(no chiral centers) 
(f) The reagent (HBr) indicates that H and Br are added 
across the m bond. In the presence of peroxides (ROOR), 
we expect an anti-Markovnikov addition, although that is 
irrelevant in this case, because the alkene is symmetrical. 


No new chiral centers are formed: 
HBr 
—_—_—___> Br 
ROOR 


(no chiral centers) 


10.22. The use of HBr indicates the addition of H and Br 
across the z bond. The problem statement indicates a 


radical process (caused by the use of light, rather than 
ROOR, in this case), so we expect anti-Markovnikov 
addition of HBr across the x bond. That is, the bromine 
atom will be installed at the less substituted position. 


less 


<= substituted 
O BG position 


N” ~cOOCcH; 
fe) 


In this case, one new chiral center is created: 


new chiral center 


Since there was already one chiral center present, the 
products are diastereomers. 


o y~ Br o F Br 
N COOCH3 N COOCH3 
+ 
O O 
a A 
y 


Diastereomers 


10.23. 

(a) The unpaired electron occupies an allylic position, so 
it is resonance-stabilized. Three fishhook arrows are 
required, as shown: 


a~ Â 


(b) The unpaired electron occupies an allylic position, so 
it is resonance-stabilized. Three fishhook arrows are 
required, as shown below. The resulting resonance 
structure exhibits an unpaired electron that is allylic to 
another z bond, so again we draw three fishhook arrows 
to arrive at another resonance structure: 


Sr PO 
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(c) The unpaired electron occupies an allylic position, so 
it is resonance-stabilized. Three fishhook arrows are 
required, as shown below. The resulting resonance 
structure exhibits an unpaired electron that is allylic to 
another r bond, so again we draw three fishhook arrows 
to arrive at another resonance structure: 


Garer 


(d) The unpaired electron is allylic to a x bond, so it is 
resonance-stabilized. Three fishhook arrows are 
required, as shown below. The resulting resonance 
structure also exhibits an unpaired electron that is allylic 
to a z bond, so again we draw three fishhook arrows as 
well as the resulting resonance structure. This process 
continues until we have drawn five resonance structures, 


shown here: 

| NXg 

or O-- GS 
V {/ 


Z 


aS 


(e) The unpaired electron is allylic to a m bond, so it is 
resonance-stabilized. Three fishhook arrows are 
required, as shown below. The resulting resonance 
structure also exhibits an unpaired electron that is allylic 
to a z bond, so again we draw three fishhook arrows as 
well as the resulting resonance structure. This process 
continues until we have drawn five resonance structures, 
shown here: 


DO 
N I“ ‘ 
ee 


i 


ieee 
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10.24. There are three different hydrogen atoms to 
consider, labeled Ha, Hp and He: 
Ha 
Hp Hp 
Hp Hp 
He He 


The weakest C-H bond is C—Hp, because abstraction of 
Hp generates a radical that is stabilized by resonance: 


Hydrogen 
Ot ==|Gs—- 
~> 
1 . 
resonance stabilized 


The strongest C-H bond is C—He, because abstraction of 
He generates an unstable vinyl radical: 


Hydrogen 
Q abstraction AO 
— 
He vinyl radical 


(unstable) 


We therefore expect the C-H bonds of cyclopentene to 
exhibit the following order of increasing bond strength: 


Bond strength 


z> 


C—Hp C—Ha C—He 


(weakest bond) (strongest bond) 


10.25. 

(a) We must first draw all structures with the molecular 
formula CsHı2. To do this, we employ the same 
methodical approach that was used in the solution to 
Problem 4.3, giving the following three compounds: 


The middle compound above must be compound A, 
because monochlorination of the first compound above 
gives only three constitutionally isomeric alkyl chlorides 
(1-chloropentane, 2-chloropentane, or 3-chloropentane), 
while monochlorination of the last compound above 
gives only one regiochemical outcome. The middle 
compound is 2-methylbutane. 

(b) Among the possibilities that we explored in part (a), 
we found that compound A is 2-methylbutane. This 
compound undergoes monochlorination to produce four 
constitutionally isomeric alkyl chlorides, shown here: 
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Cl 
pee ; E 
hv 


Compound A 


An, 


(c) The tertiary position undergoes selective 
bromination, giving the following tertiary alkyl bromide: 


x 


10.26. The unpaired electron is allylic to a x bond, so it 
is resonance-stabilized. Three fishhook arrows are 
required, as shown below. The resulting resonance 
structure exhibits an unpaired electron that is allylic to 
another r bond, so again we draw three fishhook arrows 
to arrive at another resonance structure. This pattern 
appears one more time, giving a fourth resonance 
structure. This radical is particularly stable, because it 
has many resonance structures, so the unpaired electron 
is highly delocalized. 


10.27. The benzylic hydrogen atom is the only 
hydrogen atom that can be abstracted to generate a 
resonance-stabilized radical. As such, the benzylic 
position is selectively brominated. The mechanism will 
have three distinct stages. The first stage is initiation, in 
which the N-Br bond (of NBS) is broken to generate a 
bromine radical. This step requires two fishhook arrows, 
as shown. There are two propagation steps (hydrogen 
abstraction and halogen abstraction), each of which 
requires three fishhook arrows (to show the bonds being 
broken and formed). Finally, there are many steps that 
can serve as termination steps, because there are many 
radicals that can couple together under these conditions. 
Shown here is a termination step that generates the 
desired product: 


Initiation 
fe) Homolytic fe) 
cleavage 
Sa h R ue 
nos: — > N, + ‘Bri 
O O 
Propagation 
Hydrogen 
abstraction 
V a 
aa g 
- + HBr 
Halogen can 
[N abstraction Br ` 
An — 
:Br— Br: + ‘Br 
Termination 
j Coupling Br: 
Was . 
oe o ooy 
10.28. We must first draw all structures with the 


molecular formula CsHi2. To do this, we employ the 
same methodical approach that was used in the solution 
to Problem 4.3, giving the following three compounds: 


Monochlorination of the first compound above gives 
three constitutionally isomeric chloroalkanes  (1- 
chloropentane, 2-chloropentane, or 3-chloropentane), 
while monochlorination of the second compound gives 
four constitutionally isomeric chloroalkanes. The last 
compound above (2,2-dimethylpropane) gives only one 
monochlorination product: 


10.29. Selective bromination at the benzylic position 
generates a new chiral center. The intermediate benzylic 
radical is expected to be attacked from either face of the 
planar radical with equal likelihood, giving rise to a 
racemic mixture of enantiomers: 


ive] 
+ 
til OO 
5 
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10.30. 

(a) Heating AIBN generates a radical that is resonance- 
stabilized (the unpaired electron is delocalized via 
resonance, which is a stabilizing effect): 


N: 


resonance-stabilized 


In addition, the radical is further stabilized by the 
presence of methyl groups, which are capable of 
stabilizing the unpaired electron via a delocalization 
effect, called hyperconjugation. 


(b) Loss of nitrogen gas would result in the formation of 
vinyl radicals, which are too unstable to form under 


normal conditions: 
heat 
UN ; 
-N2 
vinyl radical 


(unstable) 
10.31. 


(a) The central carbon atom is benzylic to three aromatic 
rings. As such, that C-H bond is expected to be 
extremely weak. Hydrogen abstraction (which initiates 
the autooxidation process) occurs at this location, 
generating a radical that is highly stabilized by resonance 
(see solution to Problem 10.3 for resonance structures): 
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Autooxidation at this location gives the following 
hydroperoxide: 


(b) As explained in the solution to part (a) of this 
problem, hydrogen abstraction leads to an exceptionally 
stable radical, with many, many resonance structures 
(see solution to Problem 10.3). 


(c) Phenol acts as a radical scavenger (much like BHA 
and BHT), thereby preventing the chain process from 
beginning. 


— Abstraction of this hydrogen 
o7 atom generates a resonance- 
stabilized radical 


R4 R3 
Phenol: R4 = R2 = R3=H 
BHT: R4 = R t-Bu, 
R2 Rə = Me 
BHA: R4 =H 
Rə = OMe 
Rg = t-Bu 
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10.32. A radical mechanism will have three distinct stages. The first stage is initiation, in which the N-Br bond (of 
NBS) is broken to generate a bromine radical. This step requires two fishhook arrows, as shown. The next stage is 
propagation. There are two propagation steps. The first is hydrogen abstraction, which requires three fishhook arrows 
and generates a resonance-stabilized radical. The second propagation step (halogen abstraction) also requires three 
fishhook arrows. Notice that this step can occur in either of two locations, as shown. The final stage is termination, 
and there are many steps that can serve as termination steps, because there are many radicals that can couple together 
under these conditions. Shown below are termination steps that generate the desired products: 


Initiation 
fe) Homolytic (e) 
cleavage 
.. h : 
nC: d N + Br 
O O 


Hydrogen 
2i JNa abstraction í 
— . Br Ki — — \ <> č . 
Halogen D X Halogen 


5 Br: 
abstraction IS € | abstraction 
:Br: "Br: 


— \ Coupling Br 
of MMe 
Fr Ws Coupling 
a “Br: — s- 


10.33. bromination, so we expect a mixture of products. That 
(a) The reagents indicate a radical bromination process. is, we expect chlorination to occur at each of the unique 
The starting material has only one tertiary position, locations: C1, C2, or C3. Chlorination at C2 generates a 
which undergoes selective bromination, giving the product with a chiral center, so a racemic mixture is 
following tertiary alkyl bromide. expected: 


roe = OG 2 
NAFN 
hv 4 3 5 hv 
Cl 
a ag, t Pw. 


(b) As seen in Section 10.4, radical iodination is not A 
(racemic mixture) 


thermodynamically favorable. We expect no reaction in 


this case: + Di 
I, 
Ze —_ noreaction cl 
hv 


Chlorination at C4 yields the same product as 
(c) The reagents indicate a radical chlorination process. chlorination at C2. Similarly, chlorination at C5 yields 
Radical chlorination is less selective than radical the same product as chlorination at C1. 
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(d) The reagents indicate a radical bromination process. 
Bromination is expected to occur selectively at the 
benzylic position (because hydrogen abstraction occurs 
at that position to generate a resonance-stabilized 
radical): 


NBS Br 


(e) The reagents indicate a radical bromination process. 
Bromination is expected to occur selectively at the allylic 
position (because hydrogen abstraction occurs at that 
position to generate a resonance-stabilized radical). In 
this case, there is only one allylic position: 


Be 


allylic position 


We remove a hydrogen atom from the allylic position 
and draw the resonance structures of the resulting allylic 


radical: 
U 


Finally, we use these resonance structures to determine 
the products, by placing a bromine atom at the position 
of the unpaired electron in each resonance structure: 


Ag 7 ee Ben 
ZA hv za +t WN Be 


(f) The reagents indicate a radical bromination process. 
The starting material has only one tertiary position, 
which undergoes selective bromination, giving the 
following tertiary alkyl bromide. 


Bro 
————> 
hv 
Br 
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10.34. We begin by drawing the starting material, (S)-3- 
methylhexane: 


SNe. 
(S)-3-methylhexane 


This compound has only one tertiary position, so 
bromination will occur selectively at that site. In this 
case, the reaction is occurring at a chiral center, so we 
expect a racemic mixture: 


4 Br 


a Br, 
we : eu 
10.35. 


(a) We begin by identifying allylic positions. There are 


T A 


allylic positions 


But these two positions are identical (symmetry). So, we 
only need to consider allylic bromination occurring at 
one of these positions. To do that, we remove a 
hydrogen atom from the allylic position and draw the 
resonance structures of the resulting allylic radical: 


den 


Finally, we use these resonance structures to determine 
the products, by placing a bromine atom at the position 
of the unpaired electron in each resonance structure. In 
this case, the two resulting structures represent the same 
compound, so only one product is obtained: 


Br Br 
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(b) We begin by identifying the allylic positions. 


There are three of them (highlighted below), each of which can 


undergo hydrogen abstraction to give a resonance-stabilized radical, shown below. The resulting products are also 
shown. Notice that there are a total of five products, labeled 1 — 5. Notice that many of the products exhibit a chiral 


center, and a racemic mixture is expected in each case. 


Hydrogen 
abstraction 


Hydrogen 
Cy a _abstraction on 
=> 


Hydrogen 
abstraction 


v-e 


I= 


Br 
Halogen 
abstraction = oc 
Br 
1 1 
(racemic mixture) (racemic mixture) 
Br 
Halogen 
abstraction X 
+ 
Br 
2 
(racemic mixture) 
Halogen 
abstraction 


Br 
+ 
Br 5 


(racemic mixture) 
4 


(racemic mixture) 


10.36. As seen in Section 10.9, diethyl ether undergoes autooxidation to give the following hydroperoxide: 


OOH 


^no N A zo 


As seen in Mechanism 10.2, autooxidation is believed to occur via two propagation steps. The first is a coupling step, 


and the second is a hydrogen abstraction, as shown here: 


A Coupling :0—0: 
a ae AN 0—0: => o 
RAT Hydrogen abstraction :O—OH 
H—R a or 
Ak zo R 


10.37. 

(a) Compound A has the molecular formula CsH12, so it 
must be one of the following three constitutional 
isomers: 


The first compound has no tertiary positions, so we 
would expect bromination to occur at one of the 


secondary positions. While there are three such 
positions in pentane (C2, C3, and C4), two of these 
positions are identical (C2 = C4). So there are two 
unique positions that are likely to be brominated: C2 and 


C3. That is, monobromination of pentane should 
produce a mixture of 2-bromopentane and 3- 
bromopentane. So, compound A cannot be pentane, 


because the problem statement indicates that 
monobromination would result in only one product. The 
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other two constitutional isomers above are candidates, 
because each of them would give one alkyl halide as the 
product. The second compound above (2-methylbutane) 
will undergo bromination selectively at the tertiary 
position. For the last compound above (2,2- 
dimethylpropane), all of the methyl groups are identical, 
so only one regiochemical outcome is possible. 

To determine which isomer is compound A, we must 
interpret the other piece of information provided in the 
problem statement. When compound B is treated with a 
strong base, two products are obtained. This would not 
be true if compound A were 2,2-dimethylpropane, as 
then, compound B would not undergo elimination at all 
(it would have no B protons): 


Bro Base 
— Br ———> noE2 
hv À 
î a 
no beta protons 


Therefore, compound A must be 2-methylbutane: 


AL 


Compound A 


As mentioned, compound A undergoes mono- 
bromination selectively at the tertiary position, giving the 
corresponding tertiary alkyl halide (compound B): 


al 
hv 
A B 


When compound B is treated with a strong base, an E2 
reaction is expected. Two regiochemical outcomes are 
possible, so we expect a mixture of both products (the 
major product is determined by the choice of base, as 
seen in the remaining parts of this problem): 

Strong 


Br 
Base 
x > gee T p 


B C and D 


(b) When compound B is treated with tert-butoxide (a 
sterically hindered base), the Hofmann product is 


favored. 


(c) When compound B is treated with sodium ethoxide, 
the Zaitsev product is favored: 


po 
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10.38. We begin by identifying the allylic positions. 
There are two: 


allylic 
positions 


But one of these positions (the lower position in the 
structure above) lacks a hydrogen atom. So this position 
cannot undergo radical bromination (a C-H bond is 
necessary because a key step in the mechanism is a 
hydrogen abstraction step). So, we only need to consider 
allylic bromination occurring at one position. To do that, 
we remove a hydrogen atom from that allylic position 
and draw the resonance structures of the resulting allylic 


radical: 
2 
= . 


Finally, we use these resonance structures to determine 
the products, by placing a bromine atom at the position 
of the unpaired electron in each resonance structure. 
Notice that each product has a chiral center and is 
therefore expected to be produced as a racemic mixture: 


RER 


Gaon 
Gaon 


Gade 
Gade 


10.39. 
(a) Bromination occurs selectively at the tertiary 
position, giving the following tert-butyl bromide: 


eo = MM 
— > 
hv 


(b) The minor product occurs via bromination at the 


primary position: 
ve Br 


(c) The mechanism will have three distinct stages. The 
first stage is initiation, in which the Br—Br bond is 
broken to generate bromine radicals. This step requires 
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two fishhook arrows, as shown. There are two 
propagation steps (hydrogen abstraction and halogen 
abstraction), each of which requires three fishhook 
arrows (to show the bonds being broken and formed). In 
the first propagation step, a hydrogen atom is abstracted 
to give the more stable tertiary radical. In the second 
step, this radical undergoes halogen abstraction to give 
the product. There are many steps that can serve as 
termination steps, because there are many radicals that 
can couple together under these conditions. Shown 
below is a termination step that generates the desired 
product: 


Initiation 
Homolytic cleavage 


Propagation 
Hydrogen 


CH i CH3 

l N/N fas abstraction . 
a an ‘Br: =j ee" H—Br: 

CH3 CH3 

Halogen 

CH3 abstraction CH3 

L 7¥ = \\e ieee 
a :Br—Br: —> eo ee Br 

CH3 CH3 
Termination 

CH3 F CH 

tera Coupling c 
nt a “Br: —+ H3C—C—Br: 

CH3 CH3 


(d) The mechanism will have three distinct stages. The 
first stage is initiation, in which the Br—Br bond is 
broken to generate bromine radicals. This step requires 
two fishhook arrows, as shown. There are two 
propagation steps (hydrogen abstraction and halogen 
abstraction), each of which requires three fishhook 
arrows (to show the bonds being broken and formed). In 
the first propagation step, a hydrogen atom is abstracted 
to give the less stable primary radical (we are drawing 
the mechanism that leads to the minor product). In the 
second step, this radical undergoes halogen abstraction to 
give the product. There are many steps that can serve as 
termination steps, because there are many radicals that 
can couple together under these conditions. Shown here 
is a termination step that generates the desired product: 


Initiation 
Homolytic cleavage 
hv 
BANS — Br Br 
Propagation Hydrogen 
HaC H A abstraction HC H 
1 | . 1 | 
poy “Br: > H C m H—Br 
HC H H3C H 
Halogen 
H3C H abstraction HC H 
ane a A S aan 
a, Cc: :Br—Br: ———> a ‘Br: 
H3C H H3C H 
Termination 
H3C H f H3C H 
a ANIN E Coupling sr | 
neo ‘Br —> I 
HC H H3C H 


(e) The minor product is only formed via a primary 
radical, which does not readily form under bromination 
conditions. Indeed, in this case, the minor product 
represents less than 1% of the product distribution (as 
seen in the textbook, just before SkillBuilder 10.5). The 
tertiary radical is selectively formed, which leads to the 
tertiary alkyl bromide as the major product. 


10.40. 
(a) There are two tertiary positions in this case, 
highlighted here: 


$, 


But these positions are identical, because they can be 
interchanged by an axis of symmetry, shown here (when 
we rotate 180 degrees about this axis, the same image is 
regenerated — you might want to build a molecular model 
to prove this to yourself): 

Rotate 


d NI e 
ai K 


So we only need to consider bromination at one of these 
positions (either one will lead to the same products). 
Since the reaction occurs at a chiral center, we expect 
monobromination to give both possible configurations (R 
and S) for that chiral center. The configuration of the 
other chiral center (not involved in the reaction) is 
retained. Therefore, the products are diastereomers: 
Br 

hav Br aoni 


, Ny H My 
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(b) The starting compound has two tertiary positions, so 
dibromination will install one bromine atom at each of 
the tertiary positions: 


Dibromination Br 


— p 


K Br 


Each chiral center can be produced with either the R or S 
configuration, so all possible stereoisomers are expected. 
With two chiral centers, we might expect four 
stereoisomers (2", where n = # of chiral centers = 2). 
However, in this case, there are only three stereoisomers, 
because one of them is a meso compound, shown here. 
(For a review of meso compounds, see Section 5.6) 


Br 
hw Br ACO 
+ 
jeun 11 Br 
Br 
enantiomers 

Br 

ANNA) 

aun 

Br 


a meso compound 


10.41. Methyl radicals are less stable than tert-butyl 
radicals so the former react with each other more rapidly 
than the latter. Also, methyl radicals are less hindered 
than tert-butyl radicals, so the former react with each 
other more rapidly than the latter. 


10.42. 

(a) Monochlorination of cyclopentane gives only one 
product, because a reaction at any position generates the 
same product as a reaction at any other position: 


on "6a 
— 
hv 
(b) This compound has six carbon atoms, but there are 


only four unique positions (highlighted) where 
chlorination can occur: 


Chlorination at C4 produces the same result as 
chlorination at C3, and chlorination at C5 produces the 
same result as chlorination at C2. Therefore, the 
following four constitutional isomers are expected: 
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rE 


The last two structures have chiral centers and are 
therefore produced as mixtures of stereoisomers. But 
this can be ignored for purposes of solving this problem, 
because the problem statement asks for the number of 
constitutional isomers that are obtained. 


(c) This compound has seven carbon atoms, but there are 
only three unique positions (highlighted) where 
chlorination can occur: 


6 
Chlorination cannot occur at C1, because that position 
does not have a C-H bond (which is necessary, because 
hydrogen abstraction is the first step of the chlorination 
process). Chlorination at C4 produces the same result as 
chlorination at C3; chlorination at C5 produces the same 
result as chlorination at C2; and chlorination at C6 
produces the same result as chlorination at C7. 


Therefore, the following three constitutional isomers are 
expected: 


CI 


CI CI 


Each of the last two structures has a chiral center and is 
therefore produced as a mixture of enantiomers. But this 
can be ignored for purposes of solving this problem, 
because the problem statement asks for the number of 
constitutional isomers that are obtained. 


(d) This compound has five carbon atoms, but there are 


only four unique positions (highlighted) where 
chlorination can occur: 
3 -Q 
4 2 
3 1 


Chlorination at C5 produces the same result as 
chlorination at C1. Therefore, the following four 
constitutional isomers are expected: 


se tac ae See 


The first structure has a chiral center and is therefore 
produced as a racemic mixture of enantiomers. The 
same is true of the third structure above. But this can be 
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ignored for purposes of solving this problem, because the 
problem statement asks for the number of constitutional 
isomers that are obtained. 


(e) This compound has six carbon atoms, but there are 
only two unique positions (highlighted) where 
chlorination can occur: 


5 6 
pt 
1 


4 


Chlorination at C3 produces the same result as 
chlorination at C2. Similarly, chlorination at C4, C5, or 
C6 produces the same result as chlorination at Cl. 
Therefore, the following two constitutional isomers are 


expected: 
Cl 


The first structure has a chiral center and is therefore 
produced as a racemic mixture of enantiomers. But this 
can be ignored for purposes of solving this problem, 
because the problem statement asks for the number of 
constitutional isomers that are obtained. 


(f) Monochlorination of cyclohexane gives only one 
product, because a reaction at any position generates the 
same product as a reaction at any other position: 


Cl 


(g) This compound has seven carbon atoms, but there are 
only five unique positions (highlighted) where 
chlorination can occur: 


Chlorination at C5 produces the same result as 
chlorination at C3, and chlorination at C6 produces the 
same result as chlorination at C2. Therefore, the 
following five constitutional isomers are expected: 


eaogeaomes 


Each of the last three structures is produced as a mixture 
of stereoisomers. But this can be ignored for purposes of 
solving this problem, because the problem statement asks 
for the number of constitutional isomers that are 
obtained. 


(h) This compound has eight carbon atoms, but two 
of them (the two central carbon atoms) cannot undergo 
chlorination because they lack a C-H bond. The 
remaining six carbon atoms (the methyl groups) all are 
identical, because a reaction at any position generates the 
same product as a reaction at any other position. 


“Te 


(i) This compound has six carbon atoms, but there are 


only three unique positions (highlighted) where 
chlorination can occur: 
BK 
7 2 
3 1 


Chlorination cannot occur at C2, because that position 
lacks a C-H bond. Chlorination at C5 or C6 produces 
the same result as chlorination at C1. Therefore, the 
following three constitutional isomers are expected: 


os a 


The middle structure has a chiral center and is therefore 
produced as a racemic mixture of enantiomers. But this 
can be ignored for purposes of solving this problem, 
because the problem statement asks for the number of 
constitutional isomers that are obtained. 


(j) This compound has five carbon atoms, but there are 
only three unique positions (highlighted) where 
chlorination can occur: 


Chlorination at C4 produces the same result as 
chlorination at C2, and chlorination at C5 produces the 
same result as chlorination at Cl. Therefore, the 
following three constitutional isomers are expected: 


Cl 


CI CI 


The middle structure has a chiral center and is therefore 
produced as a racemic mixture of enantiomers. But this 
can be ignored for purposes of solving this problem, 
because the problem statement asks for the number of 
constitutional isomers that are obtained. 
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10.43. Let’s begin by drawing our product and starting 
materials, so that we can see them more clearly: 


Product Starting materials 
must be 
oO made from 
CH3COCH2CH(CH3)2 Acetylene = 2-Methylpropane 


The starting materials have two carbon atoms and four 
carbon atoms, respectively, while the product has six 
carbon atoms. Therefore, we must find a way to join the 
starting materials. So far, we have only seen one way to 
make a carbon-carbon bond. Specifically, acetylene can 
undergo alkylation, as shown here: 


1) NaNH> 


2) Aue 


The resulting terminal alkyne can then be converted into 
the desired product via acid-catalyzed hydration in the 


presence of mercuric sulfate: 
O 


All that remains is to show how the starting alkane (2- 
methylpropane) can be converted into the necessary 


primary alkyl halide: 
? 
Br 


Radical bromination will indeed install a bromine atom, 
but this occurs selectively at the tertiary position: 


A a Ax 
— e 
hv 
Br 


This tertiary alkyl bromide must now be converted into 
the desired primary alkyl bromide. That is, we must 
move the position of the bromine atom, which can be 
accomplished via elimination, followed by anti- 


Markovnikov addition of HBr: 
B 
pa NaOEt oe HBr ye 
— — Br 
ROOR 


In summary, the entire synthesis is shown here: 


a 


H2SO4, H20 
te 
HgSO, 
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Br 
Starting 2 ~ 
material HBr ya H20 


Product 


Starting 
material 


10.44. 

(a) This transformation can be achieved via radical 
chlorination (under conditions that favor 
monochlorination): 


Gi 
— 

hv 
(b) Radical iodination is not a feasible process (it is not 
thermodynamically favorable), so we cannot directly 
iodinate the starting cycloalkane. However, radical 


bromination can be performed, followed by an Sn2 
reaction in which iodide replaces bromide: 


O en 


(c) We have not seen a way to convert an alkane into an 
alkene in one step. However, it can be achieved in two 
steps. First, radical chlorination or bromination can be 
performed, thereby installing a leaving group, which 
then allows for an E2 process with a strong base to give 
the desired product. Any strong base can be used (there 
is only one regiochemical outcome, so a sterically 
hindered base is not required). It is acceptable to use 
hydroxide, methoxide or ethoxide for the E2 process. 
That being said, in this particular case, tert-butoxide will 
likely be more efficient, as it will suppress the competing 
Sn2 process (we would expect Sn2 to give a minor 
product if the base is not sterically hindered). 


O e 


(d) The product is a trans-dibromide, so the last step of 
the synthesis is likely to be addition of Br2 across a 


mt bond: 
P Br 
Mi + En 
Br 


1) Br2, hv 
— 


2) Nal 


1) Ch, hv 
2) t BuOK 


Bro 
— 
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To make the desired alkene (cyclohexene) from the 
starting compound (cyclohexane), we use the same 
approach taken in the solution to part (c). That is, we 
perform radical chlorination or bromination to install a 
leaving group, which then allows for an E2 process with 
a strong base to give the desired product. Once again, 
tert-butoxide will likely be more efficient, as it will 
suppress the competing Sn2 process. In summary, the 
desired transformation can be achieved via the following 
three-step synthesis: 


10.45. 


relationship (except for one pair, which is enantiomeric, indicated below). 


produces only six different compounds, as shown below: 


cane ar 


& 


whe ety 
fre be 
be. dy 


Br 
1) Cl, hv s 
2) -BuOK PEN 
3) Bro Br 


(e) Radical bromination installs a bromine atom 
selectively at the tertiary position. Then, a strong base is 
used to give an E2 reaction (Zaitsev product, since the 


base employed is not sterically hindered): 


1) Bro, hv 
2) NaOEt 


cis-1,2-Dimethylcyclopentane produces six pairs of compounds, where each pair have a diastereomeric 


In contrast, trans-dimethylcyclopentane 


Ch a 
ct yj aa 
hv 


Ci 
Cl 

awt va 
aA 


oa e 
s 


re) 


“ oa 


10.46. 

(a) Recall that AG has two components: (AH) and 
(-TAS). The first term is positive, so the second term 
must have a large negative value in order for AG to be 
negative (which is necessary in order for the process to 
be thermodynamically favorable). This will be the case 


if AS and T are both large and positive (T cannot be 
negative). At high T, both of these terms are indeed 
large. AS is large and positive because one chemical 
entity is being converted into two chemical entities, 
which significantly increases the entropy of the system. 
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(b) Recall that AG has two components: (AH) and (- Br Br Br 

TAS). The magnitude of the latter term is dependent on Bt Bra EEN 
the temperature. At high temperature, the latter term hv 

dominates over the former, and the reaction is Compound A 

thermodynamically favorable. However, at low 


temperature, the first term (enthalpy) dominates, and the 


MA é Compound A exhibits one chiral center. The problem 
reaction is no longer thermodynamically favored. 


statement provides the information that is necessary to 
determine the configuration of this chiral center. 
Specifically, we are told that treating compound A with a 


10.47. Bromination of compound A gives 2,2- | Strong nucleophile (Sn2 conditions) results in a product 
dibromopentane: with the R configuration. Since Sn2 reactions proceed 
Br Br via inversion of configuration, the chiral center must 
Sea have the S configuration in compound A: 
2,2-dibromopentane Br SH 
F NaSH P 
So compound A must be 2-bromopentane: ON Erva (R) 


Compound A 
(S}-2-bromopentane 


10.48. The first propagation step in a bromination process is generally slow. In fact, this is the source of the 
selectivity for bromination processes. A pathway via a secondary radical will be significantly lower in energy than a 
pathway via a primary radical. As a result, bromination occurs predominantly at the more substituted (secondary) 
position. However, when chlorine is present, chlorine radicals can perform the first propagation step (hydrogen 
abstraction) very rapidly, and with little selectivity. Under these conditions, primary radicals are formed almost as 
readily as secondary radicals. The resulting radicals then react with bromine in the second propagation step to yield 
monobrominated products. Therefore, in the presence of chlorine, the selectivity normally observed for bromination is 
lost. 


10.49. As shown in the problem statement, an acyl peroxide will undergo cleavage to give a radical that can then lose 
carbon dioxide: 


O 
A ; 
PANA a LAAVA T- 5 A 
L 
Oo (@) 
, - CO2 
ZS 


This radical is responsible for the formation of each of the reported products. The first product is formed when the 
radical undergoes hydrogen abstraction: 


Pran > ZZ 


The second product is formed when two of the radicals couple with each other, as shown: 


ZOD fh ge A 


And finally, each of the cyclic products is formed via addition to a ņ bond (in an intramolecular fashion), followed by 
hydrogen abstraction: 


ZN = C4 — Cm = 
Ca, = OOS Or 


: 
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10.50. 

(a) In this reaction, two groups (R’S and H) are being added across the x bond in an anti-Markovnikov fashion. This 
reaction resembles the anti-Markovnikov addition of HBr across a m bond (Section 10.10). Using that reaction as a 
guide, we can draw the following initiation and propagation steps. In the initiation step, an R’S radical is formed. The 
first propagation step is an addition to a x bond, and the second propagation step is a hydrogen abstraction to regenerate 
an R'S radical. 


Initiation 


: > ae te 
H =æ R'—S: 


R'—Ss 


Propagation Step #1 


Zoo m a 


— y 


Propagation Step #2 


R S—R' /\ R S—R 
| E P 
H H H 


(b) We expect an anti-Markovnikov addition of R'S and H across the 7 bond, as follows: 


O O 


ZA „S radical initiator ANSANS 
Protein NO + H Protein] —————— > [Protein N S 
m zr ELSI ~Y 


H 


10.51. Overall, in this oxidation reaction, the two C-H bonds on the central carbon atom are replaced with a C=O 
double bond, as shown below. It is useful to keep this in mind as we draw our mechanism. 


H H (0) 


O: 
Nz “NF 
‘OH be ais R N 
Br. <7 =p Br = Bi —>» Br 
(+ H20) 
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10.52. 

Abstraction of any of the hydrogen atoms attached to carbon leads to a vinyl radical that is not resonance stabilized. 
Abstraction of any of the hydrogen atoms attached to oxygen leads to a resonance-stabilized radical. Thus, we should 
focus our attention on the three hydroxyl groups. 

Abstraction of a hydrogen atom from the hydroxyl group on the right side of the molecule leads to a radical with eight 
reasonable resonance structures, as shown below (A-H). 


HO HO 


Abstraction of a hydrogen atom from either of the hydroxyl groups on the left side of the molecule leads to a radical 
with four reasonable resonance structures, as shown here (I-L). 


tho 


is is a 

‘OR yg 

\ / a=: A Dax SAO 
Ho = Ho l = Ho J _ 


This suggests that the hydrogen atom of the hydroxyl group on the right side of the molecule is more susceptible to 
abstraction because it leads to the formation of a more stable radical. 
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10.53. 

(a) In the first step, the C-O bond undergoes homolytic cleavage, yielding the two radicals shown. A resonance 
structure of the sulfoxide radical demonstrates that the unpaired electron is delocalized over the oxygen and sulfur 
atoms, as shown. Recombination of the radicals then provides the product, as shown. 


Cue m N 6) | Cove 
OL LAr +O? sg || = S 
A ae A~n Sis P 


(b) To propose an explanation for the scission of the C-O bond over the O-S bond, we must analyze the radicals 
formed from each of these homolytic cleavages. The radicals formed from cleavage of the C-O bond are both 
resonance stabilized, as shown below. Note that the sulfoxide radical is also further resonance-stabilized by the 
adjacent aromatic ring (not shown). The formation of these resonance-stabilized radicals is consistent with facile bond 


cleavage. 
D : 
I ar bo ù 
OZ Ar 7 
4S: <=> On. CAr 
>. “Sg 


The radicals formed from homolytic cleavage of the O-S bond are shown below. The oxygen radical is not resonance- 
stabilized. The sulfur radical is resonance-stabilized due to being adjacent to an aromatic ring. However, analogous 
resonance stabilization is also present in the sulfoxide radical shown above, so this does not provide any additional 


relative stabilization. 
CLs ‘s7 Ar 
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10.54. 

In the first step, tert-butoxide is a strong, sterically hindered base, so we expect an E2 process, generating an alkene. 
Then, when treated with NBS under radical conditions, the alkene undergoes hydrogen abstraction to give a resonance 
stabilized radical, followed by halogen abstraction to generate the product. 


O 
hv 
a 
oO 


w ‘N ‘N N D “N 
R R R R 
id | 
Br> 
Lor 
Br an 
\ 
R 


To rationalize the observed stereochemical outcome, consider the two faces of the allylic system (which are essentially 
the two faces of the six-membered ring). Notice that the bottom face is blocked by the amide. As a result, it would be 
difficult for bromine to react on this face of the molecule. This steric consideration can successfully explain why 
bromine traps the carbon radical on the top face of the molecule, leading to the observed stereochemical outcome. 


The top face 
of the allylic system 
is Jess hindered 


The bottom face | 
of the allylic system R 
is hindered by the amide group 


10.55 When an aromatic compound bearing an alkyl side chain is treated with excess NBS, all benzylic hydrogen 
atoms will be replaced with bromine atoms. The correct answer is therefore (c). 


10.56 Iodination is the only reaction that is expected to be thermodynamically unfavorable (positive AG). 
Fluorination, chlorination and bromination are all expected to be thermodynamically favorable (negative AG), although 
fluorination will be too violent to be practically useful. The correct answer is (b). 


10.57 Hydrogen abstraction is the first propagation step in radical bromination. The weakest C-H bond (the one with 
the smallest BDE) will be broken during this step. For a simple alkene, like 1-butene, an allylic C-H bond will be the 
weakest C-H bond, giving an allylic radical intermediate after bond cleavage. The correct answer is (c). The first two 
possibilities, (a) and (b), are vinylic radicals which are too high in energy to form. The fourth possibility (d) is a 
primary radical and is significantly less stable than an allylic radical. 
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10.58. The first tricyclic radical can be formed with the following two steps. First, the initial radical undergoes an 
intramolecular addition to a n bond, generating a 5-membered ring and a new radical. This radical once again 
undergoes addition to a n bond, destroying the second m bond and resulting in the formation of two 5-membered rings 
and a new radical. 


tosd CN EtO.C CN 


The second tricyclic radical can be formed if the initial radical undergoes addition with the m bond that is farther away, 
followed by another addition with the remaining n bond. 
EtO2C 


Lae 


y l on 


Vc CO.Et 
eg : 


CO>Et 


10.59. A comparison of the first product with the starting material reveals which bond in the starting material 
undergoes homolytic cleavage: 


This bond undergoes 


= cleavage 
Starting material Product 


So we begin our mechanism by drawing homolytic cleavage of that bond, giving two radicals (A and B): 


z= 
1 
a 
a= 
2> 
\\ 
2 
fe 
Zz 
1 
Zz 
\= 
+ 
zZ 
\ 
5 


Radical A then reacts with TEMPO to give the first product, while radical B undergoes further homolytic cleavage to 
give nitrogen gas and a phenyl radical, which reacts with TEMPO to give the second product. 
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(e) 


10.60. 
(a) The first step of the propagation cycle is abstraction of a proton from cubane, generating a cubyl radical. In the 
second step of the propagation cycle, halogen abstraction gives the product (iodocubane) and also regenerates the 


triiodomethyl radical. 


(b) Termination steps generally involve the coupling of two radicals. The following coupling reactions are all possible 
termination steps. 


:T: iT: I I 
se d | as SIN Jos 
wolf Vick = TELTE 

I: 1: iT: ʻI: 
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(c) Recall (Section 10.4) that for radical halogenation reactions, AG ~ AH. For the iodination of an alkane with I2 
(compound 2a), AH will have a positive value: 


(HC)C—H + I—I —» (H,C)C—I + H—I AH = +26 kJ/mol 


~ 381 2a ~ 209 ~ 297 
kJ/mol ~151 kJ/mol kJ/mol 
kJ/mol 


Since AH for the reaction is positive, AG for the reaction will also be positive. Therefore, the reaction is 
thermodynamically unfavorable. This argument is expected to hold true for cubane as well, assuming that the BDE for 
the C-H bond in cubane is not too different from the BDE for the C-H bond in (CH3)3CH. That is, iodination of 
cubane with molecular iodine (2a) is unfavorable. 

In contrast, when 2b is used as the reagent for iodination, AH for the reaction will be negative, which gives a negative 
value for AG. This can be rationalized by comparing the BDE values for 4a and 4b. The BDE of 4a is 297 kJ/mol, 
while the BDE of 4b is 423 kJ/mol. This significant difference in BDE values causes AH for the reaction to be 
negative when 2b is used rather than 2a. Recall that bonds broken require an input of energy, contributing to a positive 
value of AH, while bonds formed release energy when they are formed, contributing to a negative value of AH. Since 
the bonds in 4a and 4b are being formed during the process, a large BDE (such as that of 4b) will contribute to a 
negative value of AH, while a small BDE (such as that of 4a) will contribute to a positive value of AH. 


10.61. 

(a) Benzoyl peroxide is a radical initiator, and upon heating, it readily undergoes homolytic bond cleavage, giving 
resonance-stabilized radicals. These radicals can then abstract a halogen from CCl in a halogen abstraction step to 
give a trichloromethyl radical (ClsC*), shown below. 


Homolytic 

Oo oO Bond Cleavage o 
Pr—4 \—eh — 2 JL 

MALY: Ph O: 

Halogen 

Cl (@) bstracti Cl O 

l abstraction i 
a een. JU ——> _|Ccl—-C: Jk 

ti ue) Ph ki CIO Ph 


trichloromethyl 
radical 


There are two propagation steps, shown below. In the first propagation step, the z bond reacts with a trichloromethy1 
radical to give the more stable secondary radical (rather than the less stable primary radical). This step explains the 
regiochemical outcome of the process. Then, in the second propagation step, a halogen abstraction gives the product 
and regenerates the reactive intermediate (Cl3C*), as expected for a propagation cycle. 


~~ Cl Addition to 

Y\ | a n Bond 

R a g eae — > sAN CCl; 
Cl 


cl Halogen cl 
R C SS Ni abstraction R 
! ee ——e ; 
Vee, oho yn c-cl 
Cl Cl CI 


(b) The initiation steps are the same as those for a standard Kharasch reaction [see the initiation steps in part (a) of this 
problem] 

Based on our answer to part (a), we expect the first propagation step to involve addition of ClsC* across a m bond. In 
this case, there are two nm bonds. The Cl3Ce radical can react with either n bond, but reaction with the more substituted 
alkene (di-substituted) affords the more stable 3° radical. This intermediate radical can then add to the other n bond 
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(mono-substituted) to afford a primary radical that quickly reacts with CCl4 to give the desired product. Once again, 
notice that the final propagation step involves regeneration of the reactive intermediate, Cl3C*, as expected for a 
propagation cycle. 


OH OH OH 
a Chic — CLG 
Oo > * 
ClgCe + o —> Oo ———> O 
HO HO HO 
XC X Pa 


ou cl 
cl=c—cl 
ClC L 
ClgC* + cl 
o 
HO 
o, O 


www.MyEbookNiche.eCrater.com 


Chapter 11 
Synthesis 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 11. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 
Vocabulary. 


e The position of a halogen can be moved by performing followed by 
e The position of a n bond can be moved by performing followed by 


e An alkane can be functionalized via radical : 
e Every synthesis problem should be approached by asking the following two questions: 
1. Is there any change in the ? 
2. Is there any change in the identity or location of the ? 
e Ina analysis, the last step of the synthetic route is first established, and the 
remaining steps are determined, working backwards from the product. 


Review of Skills 


Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 
the end of Chapter 11. The answers appear in the section entitled Skil/Builder Review. 


11.1 Changing the Identity or Position of a Functional Group 


IDENTIFY THE TWO PROCESSES THAT ARE REQUIRED TO CHANGE THE POSITION OF A HALOGEN: 


— = _—— 2 


IDENTIFY THE TWO PROCESSES THAT ARE REQUIRED TO CHANGE THE POSITION OF A n BOND: 


IDENTIFY THE TWO PROCESSES THAT ARE REQUIRED TO INSTALL A n BOND: 


IDENTIFY THE REAGENTS NECESSARY TO ACHIEVE EACH OF THE FOLLOWING TRANSFORMATIONS 


© C) 
: aa Te 
Ze ZA A 
XDCC _ D 7y “DED y 
2C aC) 
3c) 
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11.2 Changing the Carbon Skeleton 
IDENTIFY THE REAGENT NECESSARY TO ACHIEVE THE FOLLOWING C-C BOND-FORMING REACTION: 


ogee) it Tod 
a eas + > H G A C=C id i 7 H 
H H H H H H H 


IDENTIFY THE REAGENTS NECESSARY TO ACHIEVE THE FOLLOWING C-C BOND-BREAKING REACTION: 


H 
H H H $ H H H 
bot 1 ~H 2) ) L 0 n 
oe EEE H-—C—C—C-—C + ‚C~H 


-e 
ILL U 4 Z 
HHH H aC) HHH H O 


11.3 Approaching a Synthesis Problem by Asking Two Questions 


IDENTIFY THE TWO QUESTIONS TO ASK WHEN APPROACHING A SYNTHESIS PROBLEM: 


1) 
2) 


11.4 Retrosynthetic Analysis 
COMPLETE THE FOLLOWING RETROSYNTHETIC ANALYSIS BY DRAWING THE APPROPRIATE STRUCTURES IN THE BOXES PROVIDED: 


-Oy 


Product Starting material 


Useful Reagents: 


This chapter does not cover any new reactions. As such, there are no new reagents in this chapter. 
The problems in this chapter require the use of the reagents covered in previous chapters (specifically, 
Chapter 3 and Chapters 7-10). For each of those chapters, a summary of reagents can be found in the 
corresponding chapters of this solutions manual. 


Common Mistakes to Avoid 


When proposing a synthesis, avoid drawing curved arrows (unless the problem statement asks you 
to draw a mechanism). So often, students will begin drawing mechanism, rather than a synthesis, when 
asked to propose a synthesis. If you look through all of the solutions to the problems in this chapter, you 
will find that none of the solutions exhibit curved arrows. 


Also, avoid using steps for which you have no control over the regiochemical outcome or the 
stereochemical outcome. For example, acid-catalyzed hydration of the following alkyne will produce two 


different ketones. 


o 
a H2804, H20 E 
~x HgSO, + bak D 


This process should not be used if only one of these ketones is desired. 
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Solutions 


11.1. The reagents for these reactions can be found in the summary material at the end of Chapter 8. They are shown 


again here: 
1) O3 
HBr HBr 2) DMS a tie 
ROOR 
an OH 
1) RCO3H 


Cy Bro Cy Br NaOEt or 2) H30* OH 
am — 


be i 


H30* VOH 
+E 
oH 1) BH3-THF, H, Bro n 
2) H202, Pi Br 
NaOH 


haan Br 
+En + En 
Br 


““OH 


+En 


11.2. The reagents for these reactions can be found in the summary material at the end of Chapter 10. They are shown 
again here: 


HBr 


Br H2SO4, H2O / / 
Br HBr 2 4, 2 H 


H2 
eae bee 1) RoBH Lindlar's JN 
2) H202, NaOH Catalyst 
_ 1) NaNH _ H2 
-= “pea pp Aa 
1) xs NaNH2 
= as 
Br NH3() 
ee Br 1) O3 xs Bro Br 
2) H20 > 
Br 
A m i Br. Br 
oH l Ae 
Br 
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11.3. 

(a) We begin by analyzing the identity and location of 
the functional group in both the starting material and the 
product: 


4 2 4 2 
sA see 
oo X 
Starting material Product 


The identity of the functional group has changed (double 
bond > triple bond), but its location has not changed (it 
remains between Cl and C2). The conversion of a 
double bond to a triple bond can be accomplished via the 
following two-step process (bromination, followed by 
elimination): 


1) Bro A 
a eel 
ns 2) xs NaNH> 
3) H2O 
Br 1) xs NaNH2 
2) HzO 


(b) We begin by analyzing the identity and location of 
the functional group in both the starting material and the 
product. The identity of the functional group (Br) has 
not changed, but its location has changed. We have seen 
that this transformation can be accomplished via a two- 
step process (elimination, followed by addition). For the 
elimination process, there is only one possible 
regiochemical outcome; nevertheless, we must carefully 
choose a base. We need a strong base that will not 
function as a nucleophile (with a primary substrate, 
substitution would predominate over elimination if we 
use a base such as hydroxide, methoxide, or ethoxide). 
Appropriate bases are DBN or DBU. Alternatively, tert- 
butoxide can be used, because it is sterically hindered, 
thereby suppressing the competing Sn2 reaction. For the 
next step of our synthesis, Markovnikov addition is 
required, so we use HBr without peroxides. 


Ch ae 
Len ae 


(c) We begin by analyzing the identity and location of 
the functional group in both the starting material and the 
product. The identity of the functional group (a n bond) 
has not changed, but its location has changed. We have 
seen that this transformation can be accomplished via a 
two-step process (addition, followed by elimination). 
For the first step of our synthesis, Markovnikov addition 


1)DBU 
2) HBr 
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is required, so we use HBr without peroxides. For the 
next step of our synthesis, the more substituted alkene is 
desired (trisubstituted rather than disubstituted), so the 
base cannot be sterically hindered. Appropriate choices 
include hydroxide, methoxide, and ethoxide. 


1) HBr 
2) NaOMe 


Br 
HBr NaOMe 


(d) We begin by analyzing the identity and location of 
the functional group in both the starting material and the 
product. In doing so, we immediately realize that the 
starting material has no functional group (it is an alkane), 
so the first step of our synthesis must be the installation 
of a functional group. This can be accomplished via 
radical bromination, which selectively installs a bromine 
atom at the tertiary position. The resulting tertiary alkyl 
halide can then be converted into the product via an 
elimination process. The more substituted alkene is 
desired (trisubstituted rather than disubstituted), so the 
base cannot be sterically hindered. Appropriate choices 
include hydroxide, methoxide, and ethoxide. 


1) Bro, hv 
2) NaOMe 


Br 
Bro NaOMe 


hv 


(e) The identity of the functional group (OH) has not 
changed, but its location has changed. We have seen that 
this transformation can be accomplished via a two-step 
process (elimination, followed by addition). Elimination 
can be achieved by converting the alcohol to a tosylate 
followed by treatment with a strong base (E2). The 
resulting alkene can then be converted to the desired 
product via an addition process. Specifically, a 
hydration reaction must be performed (addition of H and 
OH) in a Markovnikov fashion. This can be achieved by 
treating the alkene with dilute acid (acid-catalyzed 


hydration): 
1) TsCl, py pH 
2) NaOEt 
OH 3) H,0* 
H30* 
1) TsCl, py 
2) NaOEt Ti 
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(f) We begin by analyzing the identity and location of 
the functional group in both the starting material and the 
product. The identity of the functional group has 
changed (Br > OH), and its location has changed as 
well. We have seen that this type of transformation can 
be accomplished via a two-step process (elimination of H 
and Br, followed by addition H and OH). For the first 
step of our synthesis, the more substituted alkene is 
desired (trisubstituted rather than monosubstituted), so 
the base cannot be sterically hindered. Appropriate 
choices include hydroxide, methoxide, and ethoxide. A 
hydration reaction must be performed (addition of H and 
OH) in a Markovnikov fashion. This can be achieved by 
treating the alkene with dilute acid (acid-catalyzed 
hydration): 


Br 
1) NaOMe 


i 


2) H30* 


‘OH 
\ NaOMe J H30* 
~~ 


(g) We begin by analyzing the identity and location of 
the functional group in both the starting material and the 
product. The identity of the functional group has 
changed (OH > Bn), and its location has changed as 
well. We have seen that this type of transformation can 
be accomplished via a two-step process (elimination of H 
and OH, followed by addition H and Br). For the first 
part of our synthesis (elimination), we must first convert 
the alcohol to a tosylate before treating with a strong 
base. The use of a sterically hindered base is not required 
(E2 = major product; while Sn2 = minor product). 
Nevertheless, a sterically hindered base will be helpful 
here as it will suppress the competing Sn2 reaction. So 
tert-butoxide is used in the synthesis shown. 
Alternatively, DBU or DBN could be used. Note that an 
El process should be avoided, because heating the 
alcohol with concentrated sulfuric acid will likely 
involve a carbocation rearrangement (methyl shift). For 
the second part of our synthesis, we must perform an 
anti-Markovnikov addition of H and Br, so we use HBr 
in the presence of peroxides. 


OH 
1) TsCl, py Br 
—— 
2) t-BuOK no 
3) HBr, ROOR 
HBr, 
1) TsCl, py KS ROC 
2) t-BuOK 


(h) We begin by analyzing the identity and location of 
the functional group in both the starting material and the 
product. The identity of the functional group (OH) has 
not changed, but its location has changed. We have seen 
that this type of transformation can be accomplished via 
a two-step process (elimination, followed by addition). 
For the first part of our synthesis (elimination), we must 
first convert the alcohol to a tosylate before treating with 
a strong base. The use of a sterically hindered base is not 
required (E2 = major product; while Sn2 = minor 
product). Nevertheless, a sterically hindered base will be 
helpful here as it will suppress the competing Sn2 
reaction. So tert-butoxide is used in the synthesis below. 
Alternatively, DBU or DBN could be used. For the 
second part of our synthesis, we must perform an anti- 
Markovnikov addition of H and OH. This can be 
achieved via hydroboration-oxidation, or alternatively, it 
can be achieved by anti-Markovnikov addition of HBr 
followed by an Sn2 process to give the desired alcohol: 


OH 
1) TsCl, py 
—__> = 
2) t-BuOK 
1) HBr, ROOR 
2) NaOH 
(Sn2) 1) BH3: THF 


2) H202, NaOH 


So 


11.4. We begin by analyzing the identity and location of the functional groups in both the starting material and the 
product, and we look for a difference. In this case, a double bond is introduced at the locations labeled C1 and C2 


below: 


O 
O 
2 
A 
1 


oO 
O 
CA 


Neither of these positions is functionalized, so we must first install a functional group at one of these locations. This 
can be accomplished by allylic bromination, which installs a bromine atom at position C1 (an allylic position). The 
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resulting secondary bromide can then be converted into the product via an elimination process. 
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A non-nucleophilic 


base can be used to favor elimination over substitution. The desired E isomer is thermodynamically favored over the Z 


isomer. 


1) NBS, hv O 
— 
2) DBU A 


The only constitutional isomer observed in the first step (allylic bromination) is the one shown, because it maintains the 
conjugated r bonds of the starting material (recall from Chapter 2 that z bonds are conjugated when they are separated 
from each other by one o bond). We will explore conjugated z systems in more detail in Chapters 16 and 17. 


11.5. 

(a) The starting material (acetylene) has two carbon 
atoms, and the product has five carbon atoms. 
Therefore, we must change the carbon skeleton by 
forming carbon-carbon bonds. Specifically, we must 
install a methyl group and an ethyl group. Each of these 
alkylation reactions can be achieved upon treatment of 
the alkyne with sodium amide followed by the 
appropriate alkyl halide. Notice that each alkyl group 
must be installed separately, and it does not matter which 
alkyl group is installed first and which is installed 
second. 


1) NaNH> Pm 
BZ eg 
oo ae 3) NaNH> a 
4) Mel 
1) NaNH2 1) NaNH> 
2) EtI 2) Mel 


(b) The starting material (benzyl bromide) has seven 
carbon atoms, and the product has nine carbon atoms. 
Therefore, we must install two carbon atoms. This 
alkylation process can be achieved in one step, by 
treating the starting material with sodium acetylide: 


H—C=C: Na 


_ 9. @ T 
Br 


N 


(c) The starting material has eight carbon atoms, and the 
product has only seven carbon atoms. One carbon atom 
must be removed, which can be achieved via ozonolysis: 


o es _ ato 


2) DMS 


11.6. Let’s begin by counting the number of carbons atoms in each of the side chains. There are three carbon atoms in 
the side chain of compound 1, and there are five carbon atoms in the side chain of compound 2, so the carbon skeleton 
is changing. This requires a reaction in which a C-C bond is formed, thereby achieving the installation of a two 


carbon-fragment: 


H3C “wry, 


The only reaction we know (so far) that can install carbon atoms on an existing carbon skeleton is the reaction of an 
alkynide anion with an appropriate substrate bearing a good leaving group. An alcohol is not a good substrate for the 
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required Sn2 reaction; however, conversion of the alcohol to a tosylate creates a good leaving group. Addition of an 
alkynide anion (specifically the acetylide anion) makes a new carbon-carbon bond and gives the desired five-carbon 
skeleton of the substituent. The resulting alkylation product (a terminal alkyne) can then be subjected to Markovnikov 
hydration to produce the desired methyl ketone. 


1) TsCl, pyridine 


a 2) NaC=CH and 
R 3) HgSOx, H2504, H20 R fe) 
TsCl HgSO, 
P H2SO4, H2O 
NaC =CH 
i - TS 
R R 
11.7. 1) Ho, 
(a) The starting material has five carbon atoms, and the a Lindlar's cat. BA 
product has eight carbon atoms. So our synthesis must ANZ See aaka i ee ee 
involve the installation of three carbon atoms. In 2) PBI ROOR 
addition, the identity of the functional group must be Ho, 3) HC=CNa 
changed (from a triple bond to a double bond). Lindlar's H—C=C: 
Reduction of the alkyne (to give an alkene) must be the catalyst NÈ 
last step of our synthesis, because if we first reduce the 
triple bond, then we would not be able to perform the HBr 
alkylation step. The alkylation step must be performed AN "ROOR 
first, followed by reduction of the alkyne (with a Br 


poisoned catalyst), as shown here: 


1) NaNH> 
ZA ay ay 

OE ii 

Lindlar's catalyst 
1) NaNH5 7 ra 
indlar's 
ye catalyst 
LOOMS 
a 
—— OS 


(b) The starting material has five carbon atoms, and the 
product has seven carbon atoms. So our synthesis must 
involve the installation of two carbon atoms. If we 
simply alkylate the starting alkyne (by treating with 
sodium amide followed by ethyl iodide), then we will 
need to move the location of the triple bond. Instead, we 
can convert the starting alkyne into an alkyl halide (via 
hydrogenation with a poisoned catalyst followed by an 
anti-Markovnikov addition of HBr). If this alkyl halide 
is treated with acetylide, the desired product is formed: 


(c) The starting material has one more carbon atom than 
the product. Therefore, our synthesis must employ an 
ozonolysis process. Since the product is a carboxylic 
acid (rather than an aldehyde or ketone), we can 
conclude that the last step of our process must involve 
ozonolysis of an alkyne, rather than ozonolysis of an 


alkene: 
O 


BA 
ws OH 
2) H2O 


This alkyne can be prepared directly from the starting 
material upon treatment with excess sodium amide 
(followed by water workup). The complete synthesis is 
shown here: 


O 

ye NaN xs NaNH2 
Dao H20 on 
3) O3 
4) H20 

1) xs NaNH2 

2) H2O 

) H2 F 


+ CO, 


1) O3 
2) H2O 
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(d) The starting material has six carbon atoms, and the 
product has nine carbon atoms. So our synthesis must 
involve the installation of three carbon atoms. Also, the 
location of the functional group has been changed. The 
product is a trans alkene, which can be made if the last 
step of our synthesis is a dissolving metal reduction: 

Za 


oe aa 7; ae 


This alkyne can be made from the starting alkene via an 
anti-Markovnikov addition of HBr, followed by 
treatment with the appropriate alkynide ion, as shown 
here: 


TIE EO HBr, ROOR oa 
“D2 HsC—C=CNa H3C—C=CNa 
3) Na, NH3(/) 

HBr. 

ROOR Bi (I) 


e" 


(e) The product has two more carbon atoms than the 
starting material. The installation of two carbon atoms 
can be achieved via an alkylation process. In fact, the 
desired product is a terminal alkyne, which can be made 
from the following alkyl halide in just one step: 


9 © 
Br HC=C: Na Za 
7 as I 
This alkyl halide can be made from the starting material 
by first moving the location of the z bond, followed by 


anti-Markovnikov addition: 


1) HBr, ROOR 


Z 2) t BuOK Za 
y~ 3) HBr, ROOR <x 
4) HC=CNa 
1) HBr, ROOR BOS 
2) t-BuOK Na 


(f) The starting material has one more carbon atom than 
the product. Therefore, our synthesis must employ an 
ozonolysis process. Since the product is an aldehyde, we 
can conclude that the last step of our process must 
involve ozonolysis of an alkene: 
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DN 1) O3 (0) 
2) DMS 
This alkene can be prepared from the starting material by 
converting the alcohol to a tosylate, and then performing 


an E2 reaction with a sterically hindered base (giving the 
less substituted alkene): 


OH 
1) TsCl, pyridine 
2) t-BuOK O 
— > 
3) O3 
4) DMS 


1) TsCl, 
pyridine 


2) t-BuOK 1) O3 


Ce 2) DMS 


11.8. As with all synthesis problems, we must consider 
the following two questions: 

1) Is there is a change in the carbon skeleton? 

2) Is there a change in the identity or location of any 
functional groups? 

To answer the first question, we can assign numbers to 
the carbon atoms from right to left, and we see that one 
carbon atom (a methyl group) must be installed during 
this transformation. To answer the second question, there 
is a change in the identity of a functional group, because 
the carbon-carbon double bond in the starting material 
has been replaced by a carbon-carbon triple bond in the 
product. 


So far, the only way that we have learned to make a new 
carbon-carbon bond is by alkylation of an alkynide ion; 
this provides us with a way to convert terminal alkynes 
into internal alkynes. This suggests that we should first 
convert the alkene into an alkyne, and then address the 
change in the carbon skeleton. We have not yet learned a 
way to convert an alkene into an alkyne in a single step; 
however, we can achieve this conversion using a two- 
step process: bromination followed by elimination 
(which requires aqueous workup to produce a neutral 
product). Alkylation of the resulting terminal alkyne can 
then be accomplished using a strong base and an 
appropriate methyl substrate, such as methyl iodide. 
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1) Bro, CCl “SG 
I 
R 2)xs NaNH2 N R 
m 
arny AE ~~ 
= 4) NaNH> = 
Bro 5) CHal 1) NaNH> 
2) CHI 
Br 
1) xs NaNH2 WN 
NS 
AN R 2) H,0 a sh 


Notice that steps 3 and 4 are unnecessary. The purpose 
of the water in step 3 is simply to protonate the alkynide 
ion (after both eliminations have occurred) that is 
reformed in step 4 by reaction with an excess of NaNH2. 
Thus, a more efficient synthesis would omit these steps, 
as shown here: 


1) Bro, CCI NS 
ee ) 2 4 sh 
z 2) xs NaNH2 2 
= 3) CH3I = 
[Pe CHI 
AL XsNaNHp Ox ; 
NY 
Br = = 
11.9. 


(a) The product is a halohydrin, which can be made 
from an alkene: 


i => NA 


So the last step of our synthesis will likely be conversion 
of the alkene into the halohydrin. 

Now let’s work forward from the starting material. The 
starting material has only two carbon atoms, while the 
product has four carbon atoms, so two carbon atoms 
must be installed. This can be achieved via an alkylation 
process: 


BZ Br 
OH 
1) NaNH2 
2) EtI Bro 
” H20 
” : SIAN 


Now we must bridge the gap (between the terminal 
alkyne and the alkene). This can be achieved in one 
step, via hydrogenation with a poisoned catalyst. In 


summary, the desired transformation can be achieved 
with the following synthesis: 


1) NaNH> 
e 2) EtI ` 
a 3) Hz, Lindlar's cat P" 
OH 
41)NaNH, 4) Bra, H2O 
2) EtI Bro 
HO 
AN Ho, Ww 
————_ 
AA Lindlar's SIA 


cat. 


(b) The product is an epoxide, which can be made from 
an alkene: 


N” nI 


oO 


AN” AN” ZA 


So the last step of our synthesis will likely be conversion 
of the alkene into the epoxide. 

Now let’s work forward from the starting material. The 
starting material has only four carbon atoms, while the 
product has six carbon atoms, so two carbon atoms must 
be installed. This can be achieved via an alkylation 


process: 
wa Br gO 
| HC=CNa 9 | RCO3H 
a i - POKES 


Now we must bridge the gap (between the terminal 
alkyne and the alkene). This can be achieved in one 
step, via hydrogenation with a poisoned catalyst. In 
summary, the desired transformation can be achieved 
with the following synthesis: 


1) HC=CNa 
a ae ie ia Sl 
Lindlar's cat. 
Ə 3) RCO3H 
HC=C: Rega 
Na 
Ho, 
ANAN —— > NN Z 
S Lindlar's 
cat. 


(c) The product is a methyl ketone, and we have seen 
that a methyl ketone can be prepared from an alkyne (via 
acid-catalyzed hydration): 


O 
x Í 
This alkyne can be prepared directly from the starting 


material upon treatment with excess sodium amide 
(followed by water workup). In summary, the desired 
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transformation can be achieved with the following 
synthesis: 


Br Br 1) xs NaNH2 O 
2) H2O 
3) H2SO4, H20, 
HgSO, 
1) xs NaNH2 
2) H2O H2SO4, H20 
BZ HgSO, 


OK 


(d) The starting material has six carbon atoms and the 
product has three carbon atoms, indicating that an 
ozonolysis reaction will be necessary. The product can 
be made from the following alkene: 


O 
So the last step of our synthesis will likely be ozonolysis 
of this alkene. 
Now let’s work forward from the starting material. The 
starting material is an alkane (no functional group), so 
we must first install a functional group. Radical 


bromination will selectively install a bromine atom at a 
tertiary position: 


Now we must bridge the gap (between the alkyl halide 
and the alkene). This can be achieved in one step, via an 
E2 reaction with a strong base (such as hydroxide, 
methoxide, or ethoxide). In summary, the desired 
transformation can be achieved with the following 
synthesis: 


1) Bro, hv 
2) NaOEt O 
sO 
3) O3 a. 


4) DMS 
| Bro, hy 


yee 


(e) The starting material is an alkane (no functional 
group), so we must first install a functional group. 
Radical bromination will selectively install a bromine 
atom at a tertiary position: 


NaOEt 
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{He ee 


Converting this compound into the product requires 
changing both the identity and the location of the 
functional group. This can be achieved via a two-step 
process, involving elimination followed by addition. 
The elimination process must be performed with a 
sterically hindered base so that the less substituted alkene 
is produced, and the addition process must be performed 
in an anti-Markovnikov fashion (via hydroboration- 


oxidation): 
1) Bro, hv 
2)  BuOK Oki 
3) BH3 -THF 


4) H202, NaOH 


2) H202, NaOH 


4 


It should be noted that there are other acceptable 
answers. As one example, the last part of our synthesis 
(hydroboration-oxidation) could be replaced with anti- 
Markovnikov addition of HBr to give a primary alkyl 
bromide, followed by an Sn2 process with hydroxide as 


the nucleophile: 
~ m 


(£) The starting material has one more carbon atom than 
the product. Therefore, our synthesis must employ an 
ozonolysis process. Since the product is a carboxylic 
acid (rather than an aldehyde or ketone), we can 
conclude that the last step of our process must involve 
ozonolysis of an alkyne, rather than ozonolysis of an 
alkene: 


eae 


t-BuOK 


1) HBr, ROOR 
2) NaOH 


O 


Soph + CO2 
OH 


This alkyne can be prepared directly from the starting 
material upon treatment with excess sodium amide 
(followed by water workup). The complete synthesis is 


1) O3 
2) H2O 


ZA 
See 


shown here: 
1) xs NaNH2 
Br. Br 2) H2O O 
koa 3) Oz N 
4) H20 
1) xs NaNH2 1) O3 
2) H20 A 2) H20 

SLA 
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(g) The product is a halohydrin, which can be made 
from the following trans alkene: 


So the last step of our synthesis will likely be conversion 
of this alkene into the halohydrin. 

Now let’s work forward from the starting material. The 
starting material has only two carbon atoms, while the 
product has six carbon atoms. Two alkylation processes 
are required: 


BZ Br 
1) NaNH> ; 
2) Etl ba ink: 

OH + En 
We 
a 
3 ae Brz, HzO 
A/N ? 
A : ye 
ee 


Now we must bridge the gap (between the internal 
alkyne and the trans alkene). This can be achieved in 
one step, via a dissolving metal reduction. In summary, 
the desired transformation can be achieved with the 
following synthesis: 


1) NaNH> Br 
2) Etl A 
3) NaNH> 
4) Etl OH 
5) Na, NH3 (/) 
6) Bro, H20 


ES | Na, NH3 (/) 
a 


N_ 


BA 


1) NaNH> 
2) Etl 


1) NaNH2 
2) Etl 


(h) In this case, the carbon skeleton remains the same. 
The starting material is an alkane (no functional group) 
so we must begin our synthesis by installing a functional 
group. Radical bromination will selectively install a 


A 


bromine atom at the tertiary position, giving the 


following tertiary alkyl halide: 
"> 


Bro, 
hv 
Now we must change both the location and the identity 


of the functional group. We can move the functional 
group into the right location through the following series 


of reactions: 
s> 7 
Elimination 


Elimination 
X Addition X Br 
s A 


And then finally, the double bond can be converted to 
the triple bond via the following two-step process: 


AE ae) 


In summary, the desired transformation can be achieved 
with the following synthesis: 


1) xs NaNH2 xs NaNH2 
Dio -7 H20 


1) Bro, hv 

2) NaOEt 

3) HBr, ROOR 
ss 


4) t-BuOK 


\ = 


1) Br2 


5) Br2 
Bro, 6) xs NaNH2 
2) xs NaNH2 


hv 7) H20 
3) H2O 


A A 
[neoe VEN 1) HBr, ROOR 


2) t-BuOK 
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11.10. Each of the following syntheses is one suggested synthetic pathway. There are likely many other acceptable 
approaches that accomplish the same goals. 

Each of the target compounds has a nine carbon linear chain, and our reagents must be alkenes with fewer than six 
carbon atoms. Thus, it is clear that we will be forming new C-C bonds in the course of this synthesis. The figure below 
outlines a retrosynthetic analysis for our target compound. An explanation of each of the steps (a-h) follows. 


O a 
PO N = ee => Ann + GZ 
a 
eee a“ lle YX 
AAS 
[r a gt 
evant let 


a. Either of the products can be prepared from a common synthetic intermediate, 1-nonyne, by hydration of the 
alkyne via (a) Markovnikov addition, or (a') anti-Markovnikov addition. 

b. The terminal alkyne can be prepared via reaction of 1-bromoheptane with an acetylide anion (formed by 

deprotonating acetylene). 

Acetylene is prepared via a double elimination from 1,2-dibromoethane. 

1,2-Dibromoethane is prepared via bromination of ethylene. 

1-Bromoheptane is prepared via anti-Markovnikov addition of HBr across 1-heptene. 

1-Heptene is prepared via hydrogenation of 1-heptyne in the presence of a poisoned catalyst. 

1-Heptyne is prepared via reaction of 1-bromopentane with an acetylide anion. 

1-Bromopentane is prepared via anti-Markovnikov addition of HBr across 1-pentene. 


PO AH AO 


Now, let’s draw the forward scheme. In the presence of peroxides, the reaction of 1-pentene with HBr produces 
1-bromopentane (via anti-Markovnikov addition). Subsequent reaction with acetylide [produced from ethylene as 
shown by bromination (Br2), double elimination and deprotonation (excess NaNH2)] provides 1-heptyne. Reduction to 
the alkene (H2 / Lindlar’s catalyst) followed by anti-Markovnikov addition (HBr / peroxides) yields 1-bromoheptane. 
This primary alkyl bromide can then undergo an Sn2 reaction when treated with acetylide (prepared above), giving the 
common intermediate, 1-nonyne. A hydroboration / oxidation protocol (R2BH then H202, NaOH) produces the target 
aldehyde. Acid and mercury catalyzed hydration gives the target ketone. 


Bro Br 
A > "~™Br Nank, 
Noss 
[NARA H Ne er = ZY SS AS 
SS LOLOL 
ROOR Lindlar's 
catalyst HBr 
o 1) R2BH ROOR 
LOBOS oars 
202 N = 
NaOH Z HC=CNa Br 
O a S a E a ~~ woo NNO 
N ae = 


HgSO, 
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11.11. Most of the following reactions are addition reactions, which can be found in Chapter 8. The following 
reagents can be used to achieve each of the transformations shown: 


Pt t-BuOK 
H30* 
(racemic) 


a "Roo ) BH3: THF 
ae 


2) H20>, NaOH H207, NaOH 


OH cat. oe 
NMO be < (racemic) `OH 
i 2 
(racemic) OH 


Br 
OH 


(racemic) 7 (racemic) Br 
r 


11.12. Most of the following reactions involve alkynes, which can be found in Chapter 10. The following reagents 
can be used to achieve each of the transformations shown: 


KN om cs 


/2)40 N H20 aa Br Br 
E Br 
XS ee, 


Br 


xs X _xsHBr y 


Br 
1) O3 
2) H20 
1) NaNH2 
ar xs NaNH> 2) Mel 


2) H20 
—= Na, NH3 (/) 
unr 
| Ha Pt 


Walled ond 


O=0=0 
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11.13. The product can be made from 1-butene, which 
can be made from 1-butyne: 


i. dan adn 


1-Butyne can be made from acetylene and ethyl bromide 
via an alkylation process. And ethyl bromide can be 
made from acetylene: 


>g = SS 
==> + 
S 


aN 


M 


In summary, the desired transformation can be achieved 
with the following synthesis: 


NaNH> 
Lindlar's cat. HC= È NF 
2 
2) HBr 


Acetylene 


a 


HBr 
— NZ 
Y Lindlar's 


cat. 


11.14. l-Bromobutane can be made from 1-butyne, 
which can be made from acetylene and ethyl bromide via 
an alkylation process: 


= = A~™ Br 
N Aer oe P 
S 


And ethyl bromide can be made from acetylene: 
Ar => S 


In summary, the desired transformation can be achieved 
with the following synthesis: 
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NaNH> 


/ 1) Ho, Hose n2 
Lindlar's cat. =C: Na 
ZA 
2) HBr wo Br 


Acetylene | 
AOS 


S 


11.15. 

(a) The identity of the functional group (OH) has not 
changed, but its location has changed. We have seen that 
this type of transformation can be accomplished via a 
two-step process (elimination, followed by addition). 
For the first part of our synthesis (elimination), we must 
first convert the alcohol to a tosylate before performing 
the elimination process. Then, for the elimination, we 
must use a sterically hindered base, tert-butoxide, in 
order to obtain the less-substituted alkene. For the 
second part of our synthesis, we must perform an anti- 
Markovnikov addition of H and OH. This can be 
achieved via hydroboration-oxidation, or alternatively, it 
can be achieved by anti-Markovnikov addition of HBr 
followed by an Sn2 process (with hydroxide as a 
nucleophile) to give the desired alcohol: 


1) TsCl, pyridine 


OH 
2) t-BuOK 
3) BH3- THF A 
OH 4) H202, NaOH 
1) e 1) BH3- THF 
N 2) H202, NaOH 


Z 


(b) The product is a methyl ketone, which can be made 
from an alkyne (via acid-catalyzed hydration): 


=a l 
S 


This alkyne can be made from the starting alkene via a 
two-step process (bromination, followed by elimination 
with excess sodium amide): 


(6) 
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1) Bro 

m 
Z 2)xs NaNH> 

3) H2O 

4) H2SO4, HO, 
Br2 HgSO, 

H2SO4, H2O 
HgSO, 
1) xs NaNH2 A. 

Br 2)H,O 

Br 


11.16. We must move the location of the = bond, and 
we have seen that this can be achieved via a two-step 
process (addition, followed by elimination). The 
addition step must occur in an anti-Markovnikov 
fashion, which can be achieved by treating the starting 
material with HBr in the presence of peroxides. The 
elimination process must give the less substituted alkene, 
so a sterically hindered base is required: 


1) HBr, ROOR 
2) t-BuOK 


Alternatively, the addition of HBr can be replaced with 
hydroboration-oxidation (addition of H and OH), which 
is also an anti-Markovnikov addition. In that scenario, 
the resulting alcohol must first be converted to a tosylate 
before the elimination step can be performed. 


11.17. Let’s begin by drawing the starting material and 
the product, so that we can see the desired transformation 
more clearly: 


So 


2-bromo- 
2-methylbutane 


3-methyl-1-butyne 


In this case, the identity and the location of the 
functional group have changed. During our synthesis, the 
functional group (Br) must be relocated, AND it must be 
converted into a triple bond. Moving the functional 
group can be achieved via elimination (to give the 
Zaitsev product) followed by addition (in an anti- 
Markovnikov fashion). 


a a cl we a 


Then, changing the identity of the functional group can 
be achieved via the following three-step process: 


K Elimination 


T~ 


Elimination 
Bromination 
we 


The necessary reagents are shown here: 


Bi 1) NaOMe 
X 2)HBr, ROOR — — 
3) t-BuOK o 
4) Bro 
NaOMe 5) xs NaNH> 1) xs NaNH2 
6) H2O 2) H20 
Je Br 
HBr, 
ROOR BoA kr 
t-BuOK 
— 
WN 
Br 
11.18. 


(a) The starting material has one more carbon atom than 
the product. Therefore, our synthesis must employ an 
ozonolysis process. Since the product is a carboxylic 
acid (rather than an aldehyde or ketone), we can 
conclude that the last step of our process must involve 
ozonolysis of an alkyne, rather than ozonolysis of an 
alkene: 


S 2) H20 
O 


This alkyne can be made from the starting alkene via a 
two-step process (bromination, followed by elimination 


with excess sodium amide): 
—— > 
2) xs NaNH> OH 


pS 
3) H20 
4) O3 O 
B 5) H2O 
| k d 1) 03 
2) H20 


1) xs NaNH2 ok. 
— 


Br 2) H20 S 


1) Bro 


Br 
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(b) We have not learned a direct way of installing only 
one carbon atom. That is, two carbon atoms are installed 
(not one) if we use the alkyl halide in an alkylation 
process (with sodium acetylide). | However, after 
installing two carbon atoms, we can remove one of them 
with an ozonolysis procedure, giving the desired product: 


O 
1 = 
An ) HC=CNa Å I 
OH 


2) O3 
1) 03 


3) H2O 
HC=CNa 
2) H2O 


(c) We have not learned a direct way of installing only 
one carbon atom. That is, two carbon atoms are installed 
(not one) if we use the alkyl halide in an alkylation 
process (with sodium acetylide). | However, after 
installing two carbon atoms, we can remove one of them 
with an ozonolysis procedure. In order to obtain an 
aldehyde, the last step must be ozonolysis of an alkene, 
so the penultimate step must be reduction of the alkyne 
to an alkene in the presence of a poisoned catalyst: 


(©) 
1 = 
E ) HC=CNa per 
2) H2, H 
Lindlar's cat. 
= 3) O3 1) O3 
HC=CNa 
4) DMS 2) DMS 
L A ie g A 
Lindlar's DNN 
cat. 


(d) The starting material has four carbon atoms, and the 
product has six carbon atoms. Therefore, our synthesis 
must employ an alkylation process. The starting material 
(2-methylpropane) cannot be converted into an alkyne 
without giving five bonds to the central carbon atom 
(which is impossible). Therefore, the starting material 
must be converted into an alkyl halide (so that it can be 
treated with sodium acetylide to give an alkylation 
process). Radical bromination provides a tertiary alkyl 
halide, which must be converted to a primary alkyl 
halide. That is, the position of the functional group must 
be moved, which can be accomplished via a two-step 
process (elimination followed by anti-Markovnikov 
addition). The primary alkyl halide is then treated with 
sodium acetylide to give an alkylation process. The 
resulting terminal alkyne can be reduced in the presence 
of a poisoned catalyst to give the desired alkene: 
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1) Bro, hv 
a 2) NaOMe ee 
3) HBr, ROOR S 
Br 4) HC=CNa 
hv 5) Ho, Lindlar's cat. Ho, 
Lindlar's cat. 


Br 
1) NaOMe bonove, | /HC= S| ne 


2) HBr, 
ROOR 


11.19. We begin by drawing the desired products: 


These compounds have five carbon atoms, but our 
starting materials can contain no more than two carbon 
atoms. So our synthesis must involve the formation of 
carbon-carbon bonds. This can be accomplished via the 
alkylation of acetylene (a compound with two carbon 
atoms). The location of the functional groups (C2 and 
C3) indicates that we need two alkylation processes (one 
to install a methyl group and the other to install an ethyl 
group). This places the triple bond between C2 and C3, 
which enables the installation of the functional groups at 
those locations. Conversion of the internal alkyne into 
the desired product requires the addition of H and H to 
give an alkene, followed by the addition of OH and OH. 
In order to achieve the correct stereochemical outcome, 
one of these addition processes must be performed in a 
syn fashion, while the other must be performed in an anti 
fashion. That is, we can perform an anti addition of H 
and H, followed by a syn addition of OH and OH, or we 
can perform a syn addition of H and H, followed by an 
anti addition of OH and OH, as shown: 


OH 
BZ = at + En 
1) NaNH 
| . a i Eo OsO,⁄, 
1) RCO3H 
AN 2) H30* 
ZA a a ne 
oe 
Nis (/) 
H 
1) NaNH AN = 
> cl 2 A Pi 
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11.20. We begin by drawing the desired products: 
OH OH 
OH OH 


These compounds have five carbon atoms, but our 
starting materials can contain no more than two carbon 
atoms. So our synthesis must involve the formation of 
carbon-carbon bonds. This can be accomplished via the 
alkylation of acetylene (a compound with two carbon 
atoms). The location of the functional groups (C2 and 
C3) indicates that we need two alkylation processes (one 
to install a methyl group and the other to install an ethyl 
group). This places the triple bond between C2 and C3, 
which enables the installation of the functional groups at 
those locations. Conversion of the internal alkyne into 
the desired product requires the addition of H and H to 
give an alkene, followed by the addition of OH and OH. 
In order to achieve the correct stereochemical outcome, 
both of these addition processes must be performed in an 
anti fashion, or both must be performed in a syn fashion. 
That is, we can perform an anti addition of H and H, 
followed by an anti addition of OH and OH, or we can 
perform a syn addition of H and H, followed by a syn 
addition of OH and OH, as shown: 


OH 
BZ a Boe + En 
1) NaNH> Sn 
| 2) EtI : ey 
we ig 
aN 
ZA “he, 
en 
[at (/) 
1) NaNH ia H2 
an2 ZA Lindlar's 
2) Mel Uf cat. 
11.21. 


(a) The starting material has four carbon atoms, and the 
product has six carbon atoms. So our synthesis must 
involve the installation of two carbon atoms. Also, the 
location of the functional group has been changed. The 
product is a methyl ketone, which can be made from a 
terminal alkyne (via acid catalyzed hydration): 


jer eer 


This alkyne can be made from the starting alkene via an 
anti-Markovnikov addition of HBr, followed by 
treatment with sodium acetylide, as shown here: 


H2SO,, H20 
ee ee 
HgSO, 


o 
wk 1) HBr, ROOR AA 
2) HC=CNa 
3) H2SO4, H20, 
HBr, HgSO, H2SO4, H2O 
ROOR HgSO, 


ond 
Aa H—-C=C: JL A 


(b) The starting material has four carbon atoms, and the 
product has six carbon atoms. So our synthesis must 
involve the installation of two carbon atoms. Also, the 
location of the functional group has been changed. The 
product is an aldehyde, which can be made from a 
terminal alkyne (via hydroboration-oxidation): 


A 4 a= H 
2) H2053, NaOH 
O 


As seen in the solution to part (a), this alkyne can be 
made from the starting alkene via an anti-Markovnikov 
addition of HBr, followed by treatment with sodium 
acetylide, as shown here: 


1) HBr, ROOR 
A 2) HC=CNa 
3) RoBH K 
4) H205, NaOH 
HBr, O 
[Rook 1) RBH 


2) H2092, NaOH 


dow met |g 


(c) The starting material has four carbon atoms, and the 
product has five carbon atoms. We have not learned a 
direct way of installing only one carbon atom. That is, 
two carbon atoms are installed (not one) if we convert 
the starting alkene into an alkyl halide (via an anti- 
Markovnikov addition), and then treat the alkyl halide 
with sodium acetylide. However, after installing two 
carbon atoms, we can remove one of them with 
ozonolysis, giving the product: 


1) HBr, ROOR ò 
2) HC=CNa Ze ok 
oS 3) O3 OH 
4) H2O 
HBr, 
ROOR 1) O3 
y 2) H20 
© 
© Na P 
eo Br H—C=C: LE 
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(d) We have not learned a direct way of installing only 
one carbon atom. The synthesis below involves 
installing two carbon atoms, followed by removing one 
of them with an ozonolysis procedure. In order to obtain 
an aldehyde, the last step must be ozonolysis of an 
alkene, so the second-to-last step (called the penultimate 
step) must be reduction of the alkyne to an alkene in the 
presence of a poisoned catalyst: 


1) HBr, ROOR o 
A 2) HCÆCNa gh lh 
3) Ho, H 
Lindlar's cat. 
HBr, 4) O3 1) O3 
ROOR 5) DMS 2) DMS 


Joe 
HC=G NS eH 
=C: Na ZA Lindlar's 
JL A cat. 


(e) The starting material is cyclic (it contains a ring) 
and the product is acyclic (it lacks a ring). So, we must 
break one of the carbon-carbon bonds of the ring. We 
have only learned one way (ozonolysis) to break a 
carbon-carbon bond. So, the last step of our synthesis is 
likely the following reaction: 


1) Os O O 
AAA 
2) DMS H 


This cycloalkene can be prepared from the starting 
material in just two steps. First, radical bromination can 
be used to selectively install a bromine atom at the 
tertiary position. And then, the resulting alkyl halide can 
be treated with a strong base (such as hydroxide, 
methoxide, or ethoxide) to give an E2 reaction: 


1) Bro, hv 
2) NaOMe O O 
3) O3 p H 
4) DMS 
Bro, hv 1) O3 
2) DMS 
Br 
NaOMe 
— 


11.22. The product is a trans alkene, which can be made 
from an alkyne. So the last step of our synthesis might 
be a dissolving metal reduction to convert the alkyne into 
the product. This alkyne can be made from acetylene 
and l-bromobutane via alkylation processes: 
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N ANA srr 


+ 


| = || — 


a rs ~~ 


1-Bromobutane can be made from 1-butyne, which can 
be made from acetylene and ethyl bromide via an 
alkylation process: 


~™ Br 
Da N => 


N Aer 
r S 3 


And ethyl bromide can be made from acetylene: 
2 Soe a S 


In summary, the desired transformation can be achieved 
with the following synthesis: 


NaNH> 
/ 1) He, E- e 
(2mm Lindlar's cat. 
2) HBr | 
Acetylene a 
NaNH2 
MiA | 
ow HBr, 
Br ROOR 
PO 1) NaNH2 
x 3 ge S 
ANAN 
S 
NON 
ee SAAANA Ne | 
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11.23. We use the same approach taken in the previous 
problem. All carbon-carbon bonds are prepared via 
alkylation of an alkynide ion with the appropriate alkyl 
halide. Each alkyl halide must be prepared from 
acetylene. The last step of the synthesis is the reduction 
of an alkyne to a cis alkene via hydrogenation with a 
poisoned catalyst: 


NaNH> 
/ Oe Ne N 
(2) Lindlar's cat. =U. Na 
(2) 2) HBr Br y 
Acetylene 
oO 
NaNH> 
HBr, 
ape aa 
xN Br RG Lindlar's 
cat. 
ee > Pe eer 
Lindlar's 
cat. | HBr, 
ROOR 
© 
: Na 
fo LOGOS S Be 
OSORIO 1) NaNH2 
ae eae 
MOR FOF OS 
S 
No 
Ho, 
Lindlar's 
cat. 


11.24. The starting material has two carbon atoms, and 
the product has five carbon atoms. So, we must join 
three fragments together (each of which has two carbon 
atoms), and then we must remove one of the carbon 
atoms. The latter process can be achieved via 
ozonolysis. Since the product is an aldehyde, it is 
reasonable to explore using ozonolysis as the last step of 
our synthesis: 


Kegs > NNR 


This alkene can be prepared from an alkyne, which can 
be prepared from acetylene and 1-bromobutane: 


1-Bromobutane can be made from 1-butyne, which can 
be made from acetylene and ethyl bromide via an 
alkylation process: 


“~~ Br 


= AN => 


a NBr 3 


+ 

S 

And ethyl bromide can be made from acetylene: 
Agr => SDS 


In summary, the desired transformation can be achieved 
with the following synthesis: 


NaNH> 
Lindlar's cat. HC=C: Na 
(2) 2) HBr -5er } 
Acetylene AAN 
I 
NaNH2 
a HBr, ZA He 
al 
Br ROOR Lindlar's 
cat. 
HC= & 
Ho, 
NNa y BORO 
Sx Lindlar's 
Sa 1) O3 
2) DMS 
aa al 
H 


This synthesis represents just one correct answer to the 
problem. There are certainly other acceptable answers to 
this problem. 


11.25. 


(a) The starting material has five carbon atoms, and the 
product has only four carbon atoms. One carbon atom 
must be removed, which can be achieved via ozonolysis 
of an alkene: 


www.MyEbookNiche.eCrater.com 


1) O3 
2) DMS 


/ X Vi 

= H 
The alkene can be prepared from the starting material via 
an elimination reaction with a sterically hindered base 


(giving the less substituted alkene): 


3) DMS 
t-BuOK 1) O3 
2) DMS 


(b) The starting material has three carbon atoms, and 
the product has five carbon atoms. We can install two 
carbon atoms by treating the starting material with 
sodium acetylide. The resulting alkylation product (a 
terminal alkyne) can then be converted to the desired 
product (a geminal dihalide) upon treatment with excess 
HBr: 


1) tBuOK 


Br. Br 
Br 1) HO=CNa 
x 2) xs HBr 
©) xs HBr 
HC=c: Na BA 
NS 
11.26. The desired transformation involves the 


installation of two carbon atoms, as well as a change in 
the location of the functional group. This can be 
achieved by converting the alcohol into a primary alkyl 
bromide, performing an alkylation process and then 
converting the triple bond into the desired alcohol: 


` 
N 


x | f 


The following reagents can be used to achieve the 
desired transformations: 
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OH 
HO 1) TsCl, py 
2) t-BuOK 
3) HBr, ROOR 
4) HC=CNa 
a el 
5) Ho, Lindlar's cat. 
6) BH3- THF 
1) TsCl, 
) py 7) H202, NaOH 1) BH3: THF 
2) t-BuOK 2) H202, NaOH 
HBr, 
ROOR Ho, 
undars| 


It should be noted that there are other acceptable 
answers. As one example, the last part of our synthesis 
(hydroboration-oxidation) could be replaced with anti- 
Markovnikov addition of HBr to give a primary alkyl 
bromide, followed by an Sn2 process with hydroxide as 
the nucleophile: 


1) HBr, ROOR 


—— 


2) NaOH 


11.27. There are certainly many acceptable answers to 
this problem. The following retrosynthetic analysis 
employs the technique described in the problem 
statement: 


a we 
AZ oH — SS 
O 
~ Jb 
A Za 
This retrosynthetic analysis gives the following 


synthesis: 
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Z Mn Portege 
Acetylene bi sy 
25 
Ho, 
| undas h 
A NA^ oH 
a 
Acetylene 1) NaNH> 
[ne | NaNH2 2) [o 
_O © 3) H20 
HC=C: Na 
Ar e a” 
S 
Ho, MCPBA 
ZA 2: 
A Lindlar's cat. A 
Acetylene 


11.28. There are certainly many acceptable answers to 
this problem. The following retrosynthetic analysis 
employs the technique described in the problem 
statement: 


This retrosynthetic analysis gives the following 
synthesis: 
BZ a ZN OH 
Acetylene 
Ho, 
ig a r Lindlar's 
indlar’s ZZ cat. 
cat. GY NaNH> 
Acetylene ~~onH 
a BA 
O = 
1) O3 Jk 1) HC=CNa 
2) DMS H H 2) H20 
11.29. The key to solving this problem is recognizing 


that the cyclic product can be made from the following 


acyclic compound (which can be prepared from the 
starting material in just one step): 


Br 
X — G ao 


This reaction is similar to halohydrin formation: 


Br 
E Bro 
——_—, +E 
OH O n 


The m bond reacts with molecular bromine to give a 
bromonium ion, which is then attacked by the OH group 
in an intramolecular process. You may find it helpful to 
build molecular models to help visualize the 
stereochemistry of the ring-closing step. 

According to the retrosynthetic analysis above, the 
desired transformation can be achieved in just two steps, 
shown here: 


Br 
Pa 
ZZ 
Le a A Sa — > g + En 
H2 
Lindlar's 

cat. J Br2 

E OH 


HO 
N 
11.30. 


(a) The desired compound can be prepared from 
acetylene in just one step (via acid-catalyzed hydration): 


O 


As 


Alternatively, this transformation can also be achieved 
via hydroboration-oxidation of acetylene. 


H2504, H2O 
— 


L 
A HgSO, 


(b) The following synthesis represents just one correct 
answer to the problem. There are certainly other 
acceptable answers to this problem. 

We have seen in previous problems that 1-butyne can be 
prepared from two equivalents of acetylene: 


OS SS Fa 3 S 


SFS 
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And 1-butyne can be converted into the product in just 
two steps (hydrogenation, followed by ozonolysis): 


O 


aw ee 


e, POG vo | 


Lindlar's 2) DMS 
cat. 


In summary, the following synthesis can be used to make 
the desired compound from acetylene: 


1) Ho, Lindlar's cat. 


2) HBr 5 
L 3) HC=CNa 
ie 4) Ho, Lindlar's cat. sah 
Acetylene 5) O3 H 
6) DMS 
DH ® 1) 03 
Lindlar's cat. 2) DMS 
2) HBr 
NZ 
~™ Br 
N Ho, 
WN 
_2© © XS Lindlar's 
HC=C: Na cat. 
frene 
a 
Acetylene 


(c) The synthesis developed below is only one suggested 
synthetic pathway. There are likely other acceptable 
approaches that accomplish the same goal. 


We have seen in previous problems that 1-butyne can be 
prepared from two equivalents of acetylene: 


OSS St ee F S 


S= S 


And l-butyne can be converted into the product via 
hydroboration-oxidation: 


1) RoBH O 
E 


SS 2) H20, NaOH T 


In summary, the following synthesis can be used to make 
the desired compound from acetylene: 
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1) H2, Lindlar's cat. oO 
2) HBr 
ZA Pact 
‘il 3) HC=CNa H 
Acetylene 4) R2BH 
1) Hp, 5) H202, NaOH 1) RoBH 
Lindlar's cat. 2) H205, 
2) HBr NaOH 
Nir [N 
S) SN 
HC=C: Na XN 
NaNH2 
ast | 
Acetylene 


(d) The synthesis developed below is only one suggested 
synthetic pathway. There are likely other acceptable 
approaches that accomplish the same goal. 


The starting material has two carbon atoms, and the 
product has five carbon atoms. So, we must join three 
fragments together (each of which has two carbon 
atoms), and then we must remove one of the carbon 
atoms. The latter process can be achieved via 
ozonolysis. Since the product is an aldehyde, it is 
reasonable to explore using ozonolysis as the last step of 
our synthesis: 


O 
ee sae SS 


This alkene can be prepared from an alkyne, which can 
be prepared from acetylene and 1-bromobutane: 


1-Bromobutane can be made from 1-butyne, which can 
be made from acetylene and ethyl bromide via an 
alkylation process: 


“~™ Br 
= 4 


X 


LZ, => 2 


S 


And ethyl bromide can be made from acetylene: 


a 5 S 
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In summary, the desired transformation can be achieved 
with the following synthesis: 


NaNH> 


/_ 1)Ha, : 


O @ 
HC=C: Na 


a= Lindlar's cat. 
2) HBr Ner y 
Acetylene AN 
S 
NaNH2 Ho, 
Lindlar's 
cat. 
HBr, 
<< NZ 
ON Br ROOR 
fe ee “indie s 
N cat. 
1) O3 
e H 2) DMS 
O 


11.32. 


11.31. The key to solving this problem is recognizing 
that the cyclic product can be made from the following 
acyclic compounds via two Sn2 reactions: 


O= E 


Each of these starting materials can be made from 
acetylene, as seen in the following synthesis: 


O 
ZA Ô 
oO 


Acetylene 


Br 


Br 


H2 
Lindlar's cat. 


Zo â Pr BR Ar 


1) RCO3H 
2) H30* 


The synthesis developed below is only one suggested synthetic pathway. There are likely other acceptable approaches 


that accomplish the same goal. 


An analysis of the structure of the product suggests the following origins of each of the carbon atoms in the product. 


a2c 


reactant 


N 


(0) 
a2c < I > toluene 
reactant fa 


The following figure outlines a retrosynthetic analysis for our target molecule. An explanation of each of the steps (a-f) 


follows. 
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ANS => Ay a _ ~O 

3 |e 

GAANA 
[e 

2O 


a. The product 3-phenylpropyl acetate can be made via an Sn2 reaction between the carboxylic acid (after 

deprotonation to make a competent nucleophile) and the primary alkyl bromide. 

The primary alkyl bromide can be made by anti-Markovnikov addition of HBr to the monosubstituted alkene. 

The alkene is made by reduction of the corresponding terminal alkyne. 

d. The terminal alkyne is made by alkylating acetylene (using sodium amide to deprotonate) with benzyl 
bromide. 

e. Benzyl bromide is made via radical bromination of toluene. (The carbon adjacent to the aromatic ring is 
activated toward bromination due to the resonance-stabilized radical intermediate that forms.) 


Bi 
A 
BA 


so 


Now, let’s draw the forward scheme. Toluene is brominated using NBS and heat. Reaction with sodium acetylide 
(made by deprotonating acetylene with sodium amide) produces the terminal alkyne. The alkyne is reduced to the 
alkene using molecular hydrogen and Lindlar’s catalyst. Anti-Markovnikov addition of HBr in the presence of 
peroxides produces the primary alkyl halide. Sn2 substitution with the conjugate base of acetic acid (made by 
deprotonating acetic acid with sodium hydroxide) produces the desired product. 


NaNH> 
Br 


NBS HC=CNa H2 = 
—> =e ee —> 
G heat Lindlar's 
catalyst 
kz 
o Br ROOR 


AL, Ahi 
~ Aa i 


Aon 
11.33. 


The following synthesis is one suggested synthetic pathway. There are likely other acceptable approaches that 
accomplish the same goal. 

Take note that the reactant and product each have six carbon atoms. This suggests that our synthetic plan will not 
necessarily involve any C-C bond-forming reactions. However, there is a change in the carbon skeleton, and we will 
need a C-C bond-breaking reaction to convert the cyclic starting material into an acyclic product. 


Y — i 


6 carbon atoms 6 carbon atoms Q 
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The product contains two ketone groups, which is suggestive of an ozonolysis. The figure below outlines a 
retrosynthetic analysis for our target molecule. An explanation of each of the steps (a-e) follows. 


Ane fs es Sse 


a. The two ketone groups can be prepared via ozonolysis of 1,2-dimethylcyclobutene. This is a key 
disconnection as it brings us to a synthetic intermediate with the same basic connectivity as the provided 
reactant (3,4-dimethylcyclobutene). The remaining steps involve reactions to move the position of the double 
bond. 

b. 1,2-dimethylcyclobutene is prepared via elimination from a suitable alkyl halide (e.g., 1-bromo-1,2- 

dimethylcyclobutane). 

The tertiary alkyl bromide is prepared via Markovnikov addition of HBr to 1,4-dimethylcyclobutene. 

This alkene can be prepared via Zaitsev elimination of 1-bromo-2,3-dimethylcyclobutane. 

e. This secondary alkyl bromide can be made via addition of HBr to 3,4-dimethylcyclobutene (our provided 
reactant). 


RH 


Now, let’s draw out the forward scheme. HBr converts 3,4-dimethylcyclobutene to 1-bromo-2,3-methylcyclobutane. 
Zaitsev elimination using sodium ethoxide affords 1,4-dimethylcyclobutene, which is subsequently converted to 1- 
bromo-1,2-dimethylcyclobutane using HBr (Markovnikov addition). Elimination, followed by azonolysis of the 
resulting alkene gives the product, 2,5-hexanedione. 


O 
HBr NaOEt HBr NaOEt 1) O3 
—_ > —_ > | — y Br — œ [—_ — y 
= 2) DMS 


Br O 


11.34. 
The synthesis developed below is only one suggested synthetic pathway. There are likely other acceptable approaches 
that accomplish the same goal. 


The following figure outlines a retrosynthetic analysis for our target molecule. An explanation of each of the steps (a-h) 
follows. 
OH 


a OH b O c 
=> => | — Z 
| d 


ee = | \ $e + Br S =R 


1-Penten-3-ol can be made by reduction of the corresponding terminal alkyne. 

The terminal alkyne can be made from acetylene (after deprotonation to form a nucleophile) and the aldehyde 
shown. 

The aldehyde can be made by ozonolysis of (£)-3-hexene. 

(E)-3-Hexene is prepared via reduction of 3-hexyne. 

3-Hexyne is made by alkylating 1-butyne with bromoethane. 

Bromoethane is made by HBr addition to ethylene. 

Ethylene is made by reduction of acetylene. 

1-Butyne is made by alkylation of acetylene using bromoethane (made as described above in steps f-g). 


SR 


So AHR AN 
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Now, let’s draw the forward scheme. Acetylene is reduced to ethylene using molecular hydrogen and Lindlar’s catalyst. 
Addition of HBr affords bromoethane. Reaction with sodium acetylide (prepared from acetylene and sodium amide) 
gives 1-butyne. Deprotonation with sodium amide followed by reaction with bromoethane produces 3-hexyne, which is 
subsequently reduced to (£)-3-hexene using a dissolving metal reduction. Alternatively, hydrogenation in the presence 
of Lindlar’s catalyst will provide the Z alkene, which will also lead to the product via the same steps. Ozonolysis 
produces two equivalents of the desired aldehyde. Reaction with sodium acetylide gives the alkyne/alcohol which is 
reduced to the product using molecular hydrogen and Lindlar’s catalyst. 


Vee 


H2 HBr NaCÆCH \ 1) NaNH2 n 
= —> — = N > = ~—> = 
Lindlar's Br 2) EtBr 
catalyst N 
a 
| (/) 
OH 
OH H2 1)NaC=CH O 1) O3 
ANNS Lindlar's a 2) H20 2) DMS 
catalyst 


11.35. The starting material has four carbon atoms, and 
the product has six carbon atoms. The installation of two 
carbon atoms can be achieved by treating the starting 
primary alkyl bromide with sodium acetylide. The 
resulting alkylation product (a terminal alkyne) can then 
be reduced to an alkene via hydrogenation with a 
poisoned catalyst, such as Lindlar’s catalyst: 


1) HC=CNa = 
LOGOS 
x Ne 3) Hy, Lindlar’s cat 
Ho, 
Lindlar's 
catalyst 
S 


Therefore, the correct answer is therefore (c). 


11.36. Option (a) does not work, because the OH group 
is not a good leaving group. Upon treatment with a 
strong base, such as NaOEt, the OH group will simply be 
deprotonated to give an alkoxide ion. The elimination 
product will not be obtained. 

Option (b) does not work, because the second step 
(elimination) employs a sterically hindered base. As a 
result, that process will give the Hofmann product, not 
the Zaitsev product. 

Option (c) is the correct answer. In the first step, the 
bromine atom is installed at the tertiary position. Then, 
in the second step, a strong base will give the Zaitsev 
elimination reaction, affording the desired product. 


Option (d) does not work, because alkenes do not have 
an acidic proton like terminal alkynes. 


11.37. Option (a) does not work because, in the second 
step, and OH group cannot function as a leaving group. 
Option (b) does not work because the final step 
(ozonolysis of an alkyne) will give a carboxylic acid, 
rather than an aldehyde. Option (c) does not work 
because the product will have too many carbon atoms 
(the starting material has six carbon atoms, and the 
product has seven carbon atoms, not eight). Option (d) is 
the correct answer, as shown below. Anti-Markovnikov 
addition of HBr gives a primary alkyl bromide, which is 
then converted into a terminal alkyne upon treatment 
with sodium acetylide. The terminal alkyne is then 
reduced to an alkene, followed by ozonolysis to give the 
desired aldehyde: 


Peo = Pe 
Br 
ROOR 


aan 
Indlars 
= 
1) Og cat. 
2) DMS 


Beds 
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11.38. 

The following synthesis is one suggested synthetic pathway. There are likely other acceptable approaches that 
accomplish the same goal. 

The target molecule, (£)-2-hexenal, is bifunctional - containing both an alkene group and an aldehyde group. We have 
learned two ways to make aldehydes: (i) ozonolysis of alkenes and (ii) anti-Markovnikov hydration of terminal 
alkynes. In this case, it is not immediately apparent which of these methods we should use. For example, ozonolysis of 
the compound below would not be a good approach, as both C=C bonds are susceptible to cleavage, yielding the 
following three products. 


Anti-Markovnikov hydration of a terminal alkyne also does not appear to be a viable approach, as there is no obvious 
precursor that would allow installation of the C=C double bond adjacent to the aldehyde group. 


Likewise, we know two ways to make an alkene: (i) reduction of an alkyne and (ii) elimination. We could potentially 
make the target molecule from the corresponding alkyne, but it is unclear what the next retrosynthetic step should be. 
(Note that in Chapter 13, we will learn reactions to make this approach possible.) 


ae => Ges => ? 


NN 
A 


Installing the alkene group by elimination turns out to be a viable approach in this case, as described below. 
The figure below outlines a retrosynthetic analysis for our target molecule. An explanation of each of the steps (a-f) 
follows. 


oO a O b : n c a 
=y =] —> SS 
MAL ye pews oS 
OH OH OH 


Br "TST Sa 
| 
oi I 


a. The target compound can be made via elimination of the alcohol under acidic conditions. 

b. The aldehyde can be made by ozonolysis of the alkene shown here. Note that this compound only has one 
C=C double bond, so we avoid the problem described above with ozonolysis of a diene. 

c. The alkene can be made by partial reduction of the corresponding alkyne. 

d. This compound can be made from the reaction between an acetylide ion and the aldehyde shown (see 
problem 11.28). 

e. The aldehyde is made from anti-Markovnikov addition of water to 1-pentyne. 

f. — 1-Pentyne is made from 1,1-dibromopentane by double elimination. 


Now let’s draw the forward scheme. 1,1-Dibromopentane is converted to 1-pentyne by reaction with excess sodium 
amide (to afford double elimination followed by deprotonation of the resulting alkyne), followed by aqueous workup to 
protonate the terminal alkynide. 1-Pentyne is converted to the aldehyde via hydroboration/oxidation. Subsequent 
reaction with sodium acetylide, followed by aqueous workup, produces an alcohol. Reduction with H2 and Lindlar’s 
catalyst converts the alkyne group to an alkene group. Ozonolysis converts the alkene to an aldehyde. Reaction with 
concentrated acid allows for elimination of the alcohol, producing the target compound. 
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1) NaNH2 
(excess) Na 1) RoBH DEES ONS HC=CNa WS 
a ina 2) H20 NAN” 2) H202 | 2HO H20 aM 
2 NaOH O 
Br H2 
Lindlar's 
catalyst 
H2S04 H, UH 
NA Se ore = 
“heat “DMS H 
OH 
11.39. 


The synthesis developed below is only one suggested synthetic pathway. There are likely other acceptable approaches 
that accomplish the same goal. 


As seen in Table 4.1, tetradecane is a saturated hydrocarbon with 14 carbon atoms (with no branching), and our source 
of carbon (acetylene) has two carbon atoms, so we will likely use 7 equivalents of acetylene in this synthesis. There 
are a number of different approaches to complete this synthesis, including connecting two carbon atoms at a time 
sequentially from one end, or disconnecting it symmetrically from the center. The retrosynthesis below takes the latter 
of these two tactics. 


The figure below outlines a retrosynthetic analysis for our target molecule, employing squiggly lines to indicate C-C 
bonds that are disconnected in the retrosynthetic direction. An explanation of each of the steps (a-j) follows. 


Se 
OS a a Oe a Oe ees SALARY Za 


(| 

d ZZ LOL ~ 

ae aa —>—W Fs eS Sse a 
XV 
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< i => NF ma > 7 >f 
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Tetradecane can be made via hydrogenation of 7-tetradecyne. 

7-Tetradecyne can be made by sequentially alkylating both sides of acetylene with 1-bromohexane. 
1-Bromohexane is made via an anti-Markovnikov addition of HBr across 1-hexene. 

1-Hexene is made by reduction of 1-hexyne using H2 and Lindlar’s catalyst. 

1-Hexyne can be produced from acetylene (after deprotonation to make a nucleophile) and 1-bromobutane. 
1-Bromobutane is made via an anti-Markovnikov addition of HBr across 1-butene. 

1-Butene is made by reduction of 1-butyne using H2 and Lindlar’s catalyst. 

1-Butyne is made from acetylene (after deprotonation) and 1-bromoethane. 

1-Bromoethane is made by addition of HBr across ethylene. 

Ethylene is made by reduction of acetylene using H2 and Lindlar’s catalyst. 


Sr EO AR AA SA 


Now, let’s draw out the forward scheme. Acetylene is reduced to ethylene using H2 and Lindlar’s catalyst. HBr 
addition, followed by Sn2 substitution with an acetylide nucleophile (made by deprotonation of acetylene with sodium 
amide) gives 1-butyne. Reduction to 1-butene with H2 and Lindlar’s catalyst followed by anti-Markovnikov addition of 
HBr in the presence of peroxide produces 1-bromobutane. A substitution reaction with sodium acetylide gives 1- 
hexyne. Another round of hydrogenation (H2, Lindlar’s catalyst), anti-Markovnikov addition (HBr, peroxide) and 
substitution (sodium acetylide) lengthens the chain by two more carbons, giving l-octyne. Deprotonation of this 
terminal alkyne, followed by alkylation with another equivalent of 1-bromohexane yields 7-tetradecyne. Hydrogenation 
with H2 and Pt produces the desired product, tetradecane. 
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11.40. 
The synthesis developed below is only one suggested synthetic pathway. There are likely other acceptable approaches 
that accomplish the same goal. 


Acetic acid and ethylene each have two carbon atoms, and our product has eight carbon atoms. So our synthesis will 
need to involve a total of four equivalents of starting materials in order to produce a product with eight carbon atoms. 


o 
Aon P g ss vers 


2C reactant 2C reactant O 8C product 


A more detailed look at the product allows us to hypothesize where each of the two-carbon components will ultimately 
end up in the product (below). This is helpful in that it may allow us to determine which new bonds will be formed in 
the course of the reaction (i.e., those connecting each of the 2C components). 


2C 
2C 2C 
° 
2C 
O 
By comparing the structures of the reactants and product, we can also make an initial guess on the origins of each of the 
2C components (shown below). It seems reasonable to assume that the ester will be derived from acetic acid (as both 


of these have a carbonyl flanked by a methyl group and an oxygen), and the other three 2C components will be derived 
from ethylene (with appropriate functional group modification). 


derived from three 
equivalents of ethylene 


derived from 
acetic acid 


When considering which types of reactions to use, we will connect these pieces using a number of substitution 
reactions. Also, the only way we have learned to produce a cis alkene is via hydrogenation of an alkyne using H2 and 
Lindlar’s catalyst, so this will clearly be one of our steps. 
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The figure below outlines a retrosynthetic analysis for our target molecule. An explanation of each of the steps (a-/) 
follows. 


and & = wrt sw St % Ka 
Oo Oo 


HO 


|} : 
OH f x 
Y c qG] A 


O 
j i 
[2] = BN A S F* 


a. The indicated C-O bond (wavy line) can be made via an Sn2 reaction between a carboxylate (the conjugate 
base of a carboxylic acid) and a substrate with an appropriate leaving group (e.g., tosylate). 

b. The carboxylate can be prepared from acetic acid (one of our given reactants) by treatment with a suitable 
base, such as NaOH. 

c. The tosylate can be prepared from the corresponding alcohol. 

d. The cis alkene can be produced from the corresponding alkyne (H2 / Lindlar’s catalyst). 

e. This retrosynthetic step is the key disconnection that utilizes the reaction described in the problem statement. 

We can make this internal alkyne/alcohol by the reaction of an alkynide ion (formed by deprotonating 1- 

butyne) and an epoxide. 

The epoxide is prepared from ethylene via epoxidation. 

1-Butyne is prepared by alkylating the conjugate base of acetylene using bromoethane. 

Bromoethane is prepared via HBr addition to ethylene. 

Acetylene is prepared via a double elimination from 1,2-dibromoethane. 

1,2-Dibromoethane is prepared via bromination of ethylene. 


~= pg SA 


Now, let’s draw out the forward scheme. This multi-step synthesis uses three equivalents of ethylene (labeled A, B, C 
in the scheme shown) and one equivalent of acetic acid (labeled D). Ethylene (A) is converted to 1,2-dibromoethane 
upon treatment with bromine. Subsequent reaction with excess sodium amide produces an acetylide anion which is then 
treated with bromoethane [made from ethylene (B) and HBr] to produce 1-butyne. Deprotonation with sodium amide, 
followed by reaction with an epoxide [prepared by epoxidation of ethylene (C)] and water workup, produces a 
compound with an alkyne group and an alcohol group. Reduction of the alkyne to the cis alkene is accomplished with 
H2 and Lindlar’s catalyst, after which the alcohol is converted to a tosylate with tosyl chloride. Reaction with the 
conjugate base of acetic acid [produced by treating acetic acid (D) with NaOH] allows for an Sn2 reaction, thus 
yielding the desired product, Z-hexeny] acetate. 
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11.41. 
The following synthesis is one suggested synthetic pathway. There are likely other acceptable approaches that 


accomplish the same goal. 

Thus far, we have learned two ways to make aldehydes: (i) anti-Markovnikov hydration of a terminal alkyne or (ii) 
ozonolysis of an alkene, either of which is potentially reasonable here. However, in order to produce both of these 
compounds from a single synthetic protocol, a key recognition is that they can be produced from ozonolysis of the 


following disubstituted alkene. 
a | ann 
fe} H 
fe) =] 
AÅ J a 
H 

The following figure outlines a retrosynthetic analysis for our target molecule. An explanation of each of the steps (a-k) 
follows. 
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a. The mixture of aldehydes can be made by ozonolysis of this disubstituted alkene (trans-2-methyl-4-decene), 
as described above. (Note that the £ alkene is shown here, but ozonolysis of the Z alkene would also produce 
the same two aldehydes.) 

b. Thus far, we have learned two methods to make an alkene: 1) reduction of an alkyne or 2) elimination. In this 
case, the better choice to make this alkene is by reduction of the corresponding internal alkyne. The reason 
for this is explained in the next step. 

c. We have to start our synthesis with compounds with fewer than six carbons, so this alkyne is a useful 
intermediate because we know how to make bonds between sp and sp? hybridized carbon atoms. This internal 
alkyne can thus be made from 4-methyl-1-pentyne (which must be deprotonated to produce a nucleophile) 
and 1-bromopentane. 

d. The terminal alkyne can be made from acetylene (which must be deprotonated to produce a nucleophile) and 
1-bromo-2-methylpropane. 

e. Recall that we need to start with one 1°, one 2° and one 3° alcohol. The synthetic intermediate 1-bromo-2- 
methylpropane is the only one with a 3° carbon, so it follows that this compound is the one produced from a 
3° alcohol. With this in mind, the alkyl halide can be produced from anti-Markovnikov addition of HBr to an 
alkene. 

f The alkene can be made from acid-catalyzed dehydration of the 3° alcohol. 

g. Acetylene has only two carbons, so the only type of alcohol that can be used to make it is a 1° alcohol. 

Acetylene is thus made from double elimination of 1,2-dibromoethane. 

1,2-Dibromoethane is produced by bromination of ethylene. 

Ethylene is produced by acid-catalyzed elimination from ethanol, a 1° alcohol. 

1-Bromopentane is made by anti-Markovnikov addition of HBr to 1-pentene. 

1-Pentene is made from the 2° alcohol by tosylation followed by reaction with a bulky base to give the less 

substituted product. 


ae D 


Now let’s draw the forward scheme. The 3° alcohol is converted to 2-methylpropene using strong acid. Anti- 
Markovnikov addition of HBr (with peroxides) produces 1-bromo-2-methylpropane. Subsequent reaction with sodium 
acetylide (produced from the 1° alcohol by dehydration, bromination and double elimation/deprotonation as shown) 
produces 4-methyl-1-pentyne. Deprotonation with sodium amide followed by reaction with 1-bromopentane (made 
from the 2° alcohol by tosylation, elimination and anti-Markovnikov addition) yields 2-methyl-4-decyne. Reduction 
using sodium in liquid ammonia produces the Æ alkene. Ozonolysis followed by treatment with dimethylsulfide 
produces an equimolar ratio of the two products, 3-methylbutanal and hexanal. 


H2SO4 
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11.42. 

The following synthesis is one suggested synthetic pathway. There are likely other acceptable approaches that 
accomplish the same goal. 

An analysis of the structure of the product reveals that the five-carbon alkyl group (highlighted below) matches the 
skeletal structure of 2-methylbutane, the given starting material. This indicates which C-C bond (arrow) must be made 


in the course of the synthesis. 
X fe = ake to make 


this C-C bond 


The figure below outlines a retrosynthetic analysis for our target compound. An explanation of each of the steps (a-h) 
follows. 


a. The only way we have learned to make an ester (so far) is via a reaction of a carboxylate nucleophile (the 
conjugate base of a carboxylic acid) and an alkyl halide (in this case, bromomethane). 

b. The only way we have learned to make a carboxylic acid (so far) is by ozonolysis of an alkyne. An 
alternative intermediate to the terminal alkyne shown would be the symmetric internal alkyne, 2,9-dimethyl- 
5-decyne (not shown), which would produce two equivalents of the target carboxylic acid upon ozonolysis. 

c. The alkyne is prepared from the reaction of 1-bromo-3-methylbutane with an acetylide anion (formed by 
deprotonating acetylene). This alkyl halide has the same carbon skeleton as our given starting material (2- 
methylbutane), so our remaining steps involve primarily functional group manipulation. 

d. Knowing that the first synthetic step must be radical halogenation of 2-methylbutane to produce the tertiary 
alkyl halide (the only useful reaction of alkanes), we need to migrate the functionality back toward the 
tertiary carbon in this retrosynthetic analysis. Thus, 1-bromo-3-methylbutane can be prepared via anti- 
Markovnikov addition of HBr to 3-methyl-1-butene. 

e. 3-Methyl-l-butene is prepared via elimination (with a sterically hindered base) from 2-bromo-3- 

methylbutane. 

2-Bromo-3-methylbutane is prepared via anti-Markovnikov addition of HBr to 2-methyl-2-butene. 

2-Methyl1-2-butene is prepared via Zaitsev elimination from 2-bromo-2-methylbutane. 

2-bromo-2-methylbutane is made from our given starting material, 2-methylbutane, via radical bromination. 


Dn SS 


Now, let’s draw the forward scheme. Radical bromination of 2-methylbutane produces the tertiary alkyl halide, 
selectively. Then, elimination with NaOEt, followed by anti-Markovnikov addition (HBr / peroxides), and then 
elimination with tert-butoxide, followed by another anti-Markovnikov addition (HBr / peroxides) produces 1-bromo-3- 
methylbutane. This alkyl halide will then undergo an Sn2 reaction when treated with an acetylide ion to give 5-methyl- 
1-hexyne. Ozonolysis of this terminal alkyne cleaves the CC triple bond, producing the carboxylic acid. Deprotonation 
(with NaOH) produces a carboxylate nucleophile that subsequently reacts with bromomethane in an Sn2 reaction to 
give the desired ester. 


Br, T NaOEt ŁBUOK | 
a 
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11.43. Treatment of compound 1 with BHs affords a chiral organoborane (2). Compound 3 is an alkyl halide, which is 
expected to react with an acetylide ion in an Sn2 reaction, to give compound 4. Upon treatment with the strong base 
BuLi, compound 4 is deprotonated to give an alkynide ion, which then serves as a nucleophile in an Sn2 reaction to 
give compound 5. As described in the problem statement, treatment of compound 5 with TsOH in methanol gives an 
alcohol (6). In the final step of the sequence, the triple bond in compound 6 is reduced to give a cis alkene (compound 


7). 
SPs -BHs THES aar Oe ae ee a 
2) NaOMe 3 r 
1 2 B 
z HC=CLi 
ee ee DMSO 
SAA O a 
IO 1) n-BuLi : 
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Alcohols 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 12. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 
Vocabulary. 


e When naming an alcohol, the parent is the longest chain containing the group. 

e The conjugate base of an alcohol is called an ion. 

e Several factors determine the relative acidity of alcohols, including g 5 
and . 

e The conjugate base of phenol is called a , Or ion. 


e When preparing an alcohol via a substitution reaction, primary substrates will require Sn__ 
conditions, while tertiary substrates will require Sn___ conditions. 

e Alcohols can be formed by treating a group (C=O bond) with a agent. 

e Grignard reagents are carbon nucleophiles that are capable of attacking a wide range of 

, including the carbonyl group of ketones or aldehydes, to produce an 


alcohol. 
e groups, such as the trimethylsilyl group, can be used to circumvent the 
problem of Grignard incompatibility and can be easily removed after the desired Grignard reaction 
has been performed. 
e Tertiary alcohols will undergo an Sy__ reaction when treated with a hydrogen halide. 
e Primary and secondary alcohols will undergo an Sn___ process when treated with either HX, 
SOCh, PBr3, or when the hydroxyl group is converted into a tosylate group followed by 
nucleophilic attack. 
Tertiary alcohols undergo E1 elimination when treated with 
Primary alcohols undergo oxidation twice to give a 
Secondary alcohols are oxidized only once to give a 
PCC can be used to convert a primary alcohol into an . Alternatively, primary 
alcohols can be converted into with a oxidation or a DMP-based 
oxidation. 
e NADH is a biological reducing agent that functions as a delivery agent (very much 
like NaBH; or LiAIH4), while NAD" is an agent. 
e There are two key issues to consider when proposing a synthesis: 
1. A change in the 
2. A change in the 


Review of Skills 


Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 
the end of Chapter 12. The answers appear in the section entitled Skil/Builder Review. 


12.1 Naming an Alcohol 


PROVIDE A SYSTEMATIC NAME FOR THE FOLLOWING COMPOUND 


1) IDENTIFY THE PARENT 
cl. CI 2) IDENTIFY AND NAME SUBSTITUENTS 
3) ASSIGN LOCANTS TO EACH SUBSTITUENT 
4) ALPHABETIZE 
OH 5) ASSIGN CONFIGURATION 
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12.2 Comparing the Acidity of Alcohols 


FOR EACH PAIR OF COMPOUNDS BELOW, CIRCLE THE COMPOUND THAT IS MORE ACIDIC: 


OH OH 
cl 

OO [rm Ber fre 
cl cl OH 


12.3 Identifying Oxidation and Reduction Reactions 


IN THE FOLLOWING REACTION, DETERMINE WHETHER THE STARTING MATERIAL HAS BEEN OXIDIZED, REDUCED, OR 


NEITHER: 
o C RO OR 
A a e 


12.4 Drawing a Mechanism, and Predicting the Products of Hydride Reductions 


COMPLETE THE MECHANISM BELOW BY DRAWING ALL CURVED ARROWS, INTERMEDIATES AND PRODUCTS. 


H 
. lo ee 
© MAH ©: 
H 


— 


12.5 Preparing an Alcohol via a Grignard Reaction 


IDENTIFY REAGENTS THAT CAN ACHIEVE EACH OF THE FOLLOWING TRANSFORMATIONS 


i 
Ph~ Et 2 a? 


O yE OH 
op = res 
Ph Me 2 Ph Ni Et 

—.. : e 
L eE 
Me Et 2) 


12.6 Proposing Reagents for the Conversion of an Alcohol into an Alkyl Halide 


IDENTIFY REAGENTS THAT CAN ACHIEVE EACH OF THE FOLLOWING TRANSFORMATIONS 


i 
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12.7 Predicting the Products of an Oxidation Reaction 


DRAW THE EXPECTED PRODUCT OF THE FOLLOWING REACTION 


OH CrO3 
—————Y 
H30* 
acetone 


12.8 Converting Functional Groups 


DENTIFY REAGENTS THAT CAN ACHIEVE EACH OF THE FOLLOWING FUNCTIONAL GROUP TRANSFORMATIONS 


Bn 


a aa > < 


| US 


i CNG TO 
12.9 Proposing a Synthesis 
AS A GUIDE FOR PROPOSING A SYNTHESIS, ASK THE FOLLOWING TWO QUESTIONS: 
1) IS THERE A CHANGE IN THE SKELETON? 
2) IS THERE A CHANGE IN THE LOCATION OR IDENTITY OF THE 2 


AFTER PROPOSING A SYNTHESIS, USE THE FOLLOWING TWO QUESTIONS TO ANALYZE YOUR ANSWER: 


1) IS THE OUTCOME OF EACH STEP CORRECT? 


2) IS THE OUTCOME OF EACH STEP CORRECT? 


Review of Reactions 

Identify the reagents necessary to achieve each of the following transformations. To verify that your 
answers are correct, look in your textbook at the end of Chapter 13. The answers appear in the section 
entitled Review of Reactions. 


Preparation of Alkoxides 


ROH ———> RO Na 
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Preparation of Alcohols via Reduction 


R H R 
I A i 
Oo —, OH 
eos os 


o 
Jk = RMH 
R~ `OH 
o 
ASS 
r 
R SOM R DoH + MeOH 


Preparation of Alcohols via Grignard Reagents 


i — 4 


R—OH R—O—TMS 


Sn1 Reactions with Alcohols 


R R 
ROH — > RIX + H2O 
R R 
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Sn2 Reactions with Alcohols 


OH 


E1 and E2 Reactions with Alcohols 


Son 


——+ A 


> > OTs — > 


Oxidation of Alcohols and Phenols 


OH O 
RDR g mA 
OH 
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Common Mistakes to Avoid 


If you are proposing a synthesis that involves reduction of a ketone or aldehyde with LiAIHy, make sure 
that the water workup is shown as a separate step: 


CORRECT INCORRECT 


O 1) LIAIH4 OH O LiAIH,, OH 
—— — 
A 2) H20 ye A H20 


(Don't make this mistake) 
This is important because LiAIH; is incompatible with the proton source. In contrast, NaBH; is used in the 


presence of a proton source: 


CORRECT 


O NaBH,, OH 


oe “esa 2 
CH3OH 


So, when using NaBH; as a reducing agent, do not show the proton source (MeOH) as a separate step. 


Also, when drawing a mechanism for the reduction of a ketone, aldehyde, or ester, make sure that 
the first curved arrow is placed on the Al-H bond, rather than on the negative charge: 


CORRECT INCORRECT 


H H 
LAP LEAs 
H H 


In previous chapters, we have seen that it is generally acceptable to place the tail of a curved arrow on a 
negative charge, but this is an exceptional case. The negative charge in this case is not associated with a 
lone pair, so the tail of the curved arrow cannot be placed on the negative charge. It must be placed on the 
bond. This is true for reductions involving NaBH; as well: 


CORRECT INCORRECT 


H H 
H H 
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Useful reagents 


CHAPTER 12 


The following is a list of reagents that were new in this chapter: 


Reagents Function 

NaH A very strong base, used to deprotonate an alcohol to give an alkoxide ion. 

Na Will react with an alcohol to liberate hydrogen gas, giving an alkoxide ion. 

NaBH,, MeOH A reducing agent. Can be used to reduce ketones or aldehydes to alcohols. Will 
not reduce esters or carboxylic acids. 

1) LiAlH4 A strong reducing agent. Can be used to reduce ketones, aldehydes, esters, or 

2) H2O carboxylic acids to give an alcohol. 

H. Pt Reducing agent. Generally used to reduce alkenes to alkanes, but in some cases, 

a it can also be used to reduce ketones to alcohols. 

Mg Can be used to convert an alkyl halide (RX) into a Grignard reagent (RMgX). 
A Grignard reagent. Examples include MeMgBr, EtMgBr and PhMgBr. These 
reagents are very strong nucleophiles (and very strong bases as well), and they 

RMoX will react with aldehydes or ketones. Aldehydes are converted into secondary 

8 alcohols (except for formaldehyde which is converted to a primary alcohol), 
while ketones are converted to tertiary alcohols. Esters are converted to tertiary 
alcohols when treated with excess Grignard. 

TMSCI, EtsN Trimethylsilyl chloride, in the presence of a base (such as triethylamine), will 
protect an alcohol. 

TBAF Tetrabutyl ammonium fluoride. Used for deprotection of alcohols with silyl 
protecting groups. 

HX HBr and HCI! are strong acids that also provide a source of a strong nucleophile. 


Can be used to convert an alcohol into an alkyl halide. 


TsCl, pyridine 


Will convert an alcohol into a tosylate. This is important because it converts a 
bad leaving group (HO ) into a good leaving group (TsO). 


PBr3 


Can be used to convert a primary or secondary alcohol into an alkyl bromide. If 
the OH group is connected to a chiral center, we expect inversion of 
configuration (typical for an Sn2 process). 


SOCh, pyridine 


Can be used to convert a primary or secondary alcohol into an alkyl chloride. If 
the OH group is connected to a chiral center, we expect inversion of 
configuration (typical for an Sy2 process). 


HCl, ZnCl, 


Can be used to convert an alcohol into an alkyl chloride. 


Na2Cr,07, H2SO,, 
H20 


A mixture of sodium dichromate and sulfuric acid gives chromic acid, which is a 
strong oxidizing agent. Primary alcohols are oxidized to give carboxylic acids, 
while secondary alcohols are oxidized to give ketones. Tertiary alcohols are 
generally unreactive. 


PCC, CH2Ch 


A mild oxidizing agent that will oxidize a primary alcohol to give an aldehyde, 
rather than a carboxylic acid. Secondary alcohols are oxidized to give ketones. 


DMP, CH2Clz 


A mild oxidizing agent that will oxidize a primary alcohol to give an aldehyde, 
rather than a carboxylic acid. Secondary alcohols are oxidized to give ketones. 


1) DMSO, (COCI), 
2) EN 


The Swern oxidation will oxidize a primary alcohol to give an aldehyde, rather 
than a carboxylic acid. Secondary alcohols are oxidized to give ketones. 
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Solutions 


12.1. 

(a) We begin by identifying the parent. The carbon 
atom connected to the OH group must be included in the 
parent. The longest chain that includes this carbon atom 
is six carbon atoms in length, so the parent is hexanol. 
There are three substituents (highlighted). Notice that 
the parent chain is numbered starting from the side that is 
closest to the OH group (the OH group is at C2 rather 
than C5). According to this numbering scheme, the 
methyl group is located at C2, and the bromine atoms are 
both at C5. Finally, we assemble the substituents 
alphabetically. The compound does not contain any 
chiral centers. 

6 4 i 


5 3 
2~OH 


Br Br 
5,5-dibromo-2-methylhexan-2-ol 


(b) We begin by identifying the parent. The carbon 
atom connected to the OH group must be included in the 
parent. The longest chain that includes this carbon atom 
is five carbon atoms in length, so the parent is pentanol. 
There are three substituents (highlighted), all of which 
are methyl groups. Notice that the parent chain is 
numbered starting from the side that is closest to the OH 
group (thereby placing the OH group at C1). According 
to this numbering scheme, the methyl groups are at C2, 
C3 and C4. We use the prefix “tri” to indicate three 
methyl groups. Finally, we assign a configuration to 
each chiral center. 


(2S, 3R)-2,3,4-trimethylpentan-1-ol 


(c) We begin by identifying the parent (phenol). There 
are two substituents (highlighted), both of which are 
ethyl groups. Notice that the ring is numbered starting 
from the carbon atom bearing the OH group (it is not 
necessary to indicate a locant for the OH group, because 
in a ring, it is assumed to be at Cl, by definition). 
According to this numbering scheme, the ethyl groups 
are at C2 and C6. We use the prefix “di” to indicate two 
ethyl groups. The compound does not contain any chiral 
centers. 


2,6-diethylphenol 
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(d) We begin by identifying the parent. The carbon 
atom connected to the OH group must be included in the 
parent. That carbon atom is part of a six-membered ring, 
so the parent is cyclohexanol. There are four 
substituents (highlighted), all of which are methyl 
groups. Notice that the parent chain is numbered starting 
from the carbon atom bearing the OH group (it is not 
necessary to indicate a locant for the OH group, because 
in a ring, it is assumed to be at Cl, by definition). The 
numbers go counterclockwise, so as to give the lowest 
number to the first substituents (C2). According to this 
numbering scheme, the methyl groups are at C2, C2, C4 
and C4. We use the prefix “tetra” to indicate four methyl 
groups. Finally, we assign a configuration to the chiral 


center. 


(S)-2,2,4,4-tetramethylcyclohexanol 


12.2. The longest carbon chain contains 16 carbon 
atoms, and the chain is numbered to give the hydroxyl 
group the lowest number possible. Without the 
hydroxyl group, the alkene parent would be 2- 
hexadecene or hexadec-2-ene. To indicate the presence 
of the hydroxyl group, we drop the “e” and add the “ol” 
suffix. 


Then identify the substituents and assign their locations. 


3,7,11,15-tetramethyl 


Finally, assign the configuration of each chiral center, as 
well as the configuration of the alkene unit: 


OH 
pee ee ee. 
1R 7R 2E 


Putting it all together, the complete IUPAC name for 
phytol is: 


(2E,7R,11R)-3,7,11,15-tetramethylhexadec-2-en-1-ol. 
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12.3. Nonyl mandelate has a longer alkyl chain than 
octyl mandelate and is therefore more effective at 
penetrating cell membranes, rendering it a more potent 
agent. Nonyl mandelate has a shorter alkyl chain than 
decyl mandelate and is therefore more water-soluble, 
enabling it to be transported through aqueous media and 
to reach its target destination more effectively. 


12.4. 

(a) When an alcohol is treated with elemental sodium 
(Na), the OH group is deprotonated, giving the 
corresponding alkoxide ion. 


OH oOo? N€ 
Cy i Cy 
— 


(b) When an alcohol is treated with sodium hydride 
(NaH), the OH group is deprotonated, giving the 
corresponding alkoxide ion. 


NaH ©) @ 
al ; aa Na 


(c) When an alcohol is treated with elemental lithium 
(Li), the OH group is deprotonated, giving the 
corresponding alkoxide ion. 


OH iz o° uÊ 


(d) When an alcohol is treated with sodium hydride 
(NaH), the OH group is deprotonated, giving the 
corresponding alkoxide ion. 


OH of Na® 
d ba 3 
—_—_—_ 


12.5. 

(a) The first compound is more acidic because the 
conjugate base of a primary alcohol will be more easily 
solvated than the conjugate base of a tertiary alcohol. 


Ee On 


(b) The first compound is more acidic because the 
electron-withdrawing effects of the chlorine atoms 
stabilize the conjugate base. 


Cl 
Cl OH 


Cl Cl 
Cl 


(c) The second compound is more acidic because its 
conjugate base is more stabilized by resonance, with the 
negative charge spread over two oxygen atoms, rather 
than just one oxygen atom. 


(0) 


(d) The second compound is more acidic because its 
conjugate base is stabilized by resonance. In contrast, 
the conjugate base of the first compound is not 
resonance-stabilized. 


12.6. The hydroxyl group on the benzene ring on the left is expected to be more acidic (lower pKa) because its 
conjugate base has a resonance structure in which the negative charge is spread onto an oxygen atom of the carbonyl 


group, as shown below: 


om 
10 O 
“ene an 
U 
OH 6? 


til OH 
oe 
OH O5 


In contrast, the hydroxyl corresponding to pKa2 does not have such a resonance structure and can only spread its 


negative charge onto carbon atoms. 
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HO O 


OH O 


12.7. 

(a) The starting material is an alkyl halide, and the 
product is an alcohol, so we need a substitution reaction. 
The substrate (the alkyl halide) is tertiary, so we must 
use an Snl process. That is, we must use a weak 
nucleophile (water rather than hydroxide, as the latter 
would give E2). 


or Br H20 on 
i 


(b) The starting material is an alkyl halide, and the 
product is an alcohol, so we need a substitution reaction. 
The substrate (the alkyl halide) is primary, so we must 
use an Sn2 process. Therefore, we use a strong 
nucleophile (hydroxide). 


(c) The starting material is an alkene, and the product is 
an alcohol, so we need an addition process. The OH 
group must be installed at the more substituted position, 
so we need to perform a Markovnikov addition of H and 
OH across the alkene. Carbocation rearrangements are 
not a concern in this case (protonation of the alkene 
generates a tertiary carbocation which cannot rearrange), 
so acid-catalyzed hydration will give the desired product. 


on dilute HySO, On 
— y 


(d) The starting material is an alkene, and the product is 
an alcohol, so we need an addition process. The OH 
group must be installed at the less substituted position, so 
we need to perform an anti-Markovnikov addition of H 
and OH across the alkene. This can be achieved via 


hydroboration-oxidation. 
os Be ot 


(e) The starting material is an alkene, and the product is 
an alcohol, so we need an addition process. The OH 
group must be installed at the more substituted position, 
so we need to perform a Markovnikov addition of H and 
OH across the alkene. Carbocation rearrangements are a 
concern in this case (protonation of the alkene generates 
a secondary carbocation which can rearrange to give a 


1) BH3: THF 
2) H205, NaOH 
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> A =<. >, =< > 
OH O 


more stable, tertiary carbocation), so acid-catalyzed 
hydration cannot be used. Instead, the desired product 
can be obtained via oxymercuration-demercuration, 
which will install the OH group at the more substituted 
position without carbocation rearrangements. 

OH 


o 


(£) The starting material is an alkene, and the product is 
an alcohol, so we need an addition process. The OH 
group must be installed at the less substituted position, so 
we need to perform an anti-Markovnikov addition of H 
and OH across the alkene. This can be achieved via 


hydroboration-oxidation. 
> 
HO 


1) Hg(OAc)2, H20 
—_———— 
2) NaBH, 


1) BH3: THE 
2) H202, NaOH 


12.8. 
(a) Let’s begin by drawing the starting material. 
NNR 
1-hexene 


Addition of H and OH across this alkene will provide an 
alcohol. Markovnikov addition will give a secondary 
alcohol, so we must perform an anti-Markovnikov 
addition in order to obtain a primary alcohol. This can 
be achieved via hydroboration-oxidation. 


1) BH3* THF 


RUA NNA NNS 
S 2) H202, NaOH 


Se ee 


(b) Let’s begin by drawing the starting material. 


— a 
3,3-dimethyl-1-hexene 


Addition of H and OH across this alkene will provide an 
alcohol. Markovnikov addition will give a secondary 
alcohol, but we must be careful. Protonation of the 
alkene will generate a secondary carbocation which can 
rearrange (via a methyl shift) to give a more stable, 
tertiary carbocation. Therefore, acid-catalyzed hydration 
cannot be used. Instead, the desired product can be 
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obtained via oxymercuration-demercuration, which will 
install the OH group at the more substituted position 
without carbocation rearrangements. 


1) Hg(OAc)o, 
H20 
So 4 Ses 
2) NaBH, 


(c) Let’s begin by drawing the starting material. 


AK 


2-methyl-1-hexene 


OH 


Addition of H and OH across this alkene will provide an 
alcohol. Specifically, Markovnikov addition will give a 
tertiary alcohol. Carbocation rearrangements are not a 
concern in this case (protonation of the alkene generates 
a tertiary carbocation which cannot rearrange), so acid- 
catalyzed hydration will give the desired product. 


Ak =e se 


12.9. 

(a) We focus on the carbon atom that undergoes a 
change in bonding as a result of the transformation. In 
the starting material, that carbon atom (the central carbon 
atom) has an oxidation state of +2. In the product, the 
same carbon atom has an oxidation state of +2. Since 
the oxidation state does not change, the starting material 
is neither oxidized nor reduced. 


dilute 
H2S04 


(b) We focus on the carbon atom that undergoes a 
change in bonding as a result of the transformation. In 
the starting material, that carbon atom has an oxidation 


state of +1. In the product, the same carbon atom has an 
oxidation state of +3. Since the oxidation state increases 
as a result of the transformation, the starting material is 
oxidized. 


(c) We focus on the carbon atom that undergoes a 
change in bonding as a result of the transformation. In 
the starting material, that carbon atom has an oxidation 
state of +3. In the product, the same carbon atom has an 
oxidation state of -1. Since the oxidation state decreases 
as a result of the transformation, the starting material is 
reduced. 


(d) We focus on the carbon atom that undergoes a 
change in bonding as a result of the transformation. In 
the starting material, that carbon atom has an oxidation 
state of +3. In the product, the same carbon atom has an 
oxidation state of +3. Since the oxidation state does not 
change, the starting material is neither oxidized nor 
reduced. 


(e) We focus on the carbon atom that undergoes a 
change in bonding as a result of the transformation. In 
the starting material, that carbon atom has an oxidation 
state of 0. In the product, the same carbon atom has an 
oxidation state of +2. Since the oxidation state increases 
as a result of the transformation, the starting material is 
oxidized. 


(f) We focus on the carbon atom that undergoes a 
change in bonding as a result of the transformation. In 
the starting material, that carbon atom has an oxidation 
state of +2. In the product, the same carbon atom has an 
oxidation state of +3. Since the oxidation state increases 
as a result of the transformation, the starting material is 
oxidized. 


12.10. The carbon atoms in the ring have been numbered for ease of analysis. Let’s consider each one separately. 


HCO 


Carbon Atom Starting Material Product Change in Oxidation 
Oxidation State Oxidation State State 
l +1 +1 0 
2 -l -1 0 
4 -| -1 0 
à +2 +1 Decrease by 1 
6 +2 +1 Decrease by 1 


Carbon atoms 1-4 do not undergo a change in oxidation state. Carbon atoms 5 and 6 both exhibit a decrease in 
oxidation state, so they are both reduced. This makes sense because both carbon atoms have lost a bond to oxygen. 
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12.11. 

(a) Two curved arrows are used to show hydride 
delivery. Note that the tail of the first curved arrow is 
placed on the bond between Al and H (it is NOT placed 
on the negative charge). The resulting alkoxide ion is 
then protonated upon treatment with water. This 
protonation step requires two curved arrows, as shown. 


fe) OH 
Z 
H 1) LIAIH4 H 
— > 
2) H2O z 
| 
H—AI—H JON 
JO HA H 
H O 
H 
H 


(b) Two curved arrows are used to show hydride 
delivery. Note that the tail of the first curved arrow is 
placed on the bond between Al and H (it is NOT placed 
on the negative charge). The resulting alkoxide ion is 
then protonated upon treatment with water. This 
protonation step requires two curved arrows, as shown. 


Be l OH 
Ph T phi DUNNA a ph sA Ph 
2) HO 
H 


} 
Ph 
SAN Ph 
(HO) T 


(c) Two curved arrows are used to show hydride 
delivery. Note that the tail of the first curved arrow is 
placed on the bond between B and H (it is NOT placed 
on the negative charge). The resulting alkoxide ion is 


12.12. 
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then protonated, which requires two curved arrows, as 


shown. 
O OH 
€ NaBH, 
“5 
ae MeOH a 4 
(racemic) 
H—B—H 
Je . 5> H Me 
i :0: Ò 
ao 
H 
(racemic) 


(d) Two curved arrows are used to show hydride 
delivery to the ester. Note that the tail of the first curved 
arrow is placed on the bond between Al and H (it is NOT 
placed on the negative charge). The resulting 
intermediate then ejects ethoxide as a leaving group, 
which requires two curved arrows. The resulting 
aldehyde is then further reduced by another equivalent of 
LiAIH4. Once again, two curved arrows are used to 
show hydride delivery. The resulting alkoxide ion is 
then protonated upon treatment with water. This 
protonation step requires two curved arrows, as shown. 


(0) OH 
£ 
o œN — 1s LiAIH, H 
— 
H 
P 2) H2O 
| H—AI—H o | 
ie HOH 
9 Ə 


(a) Two curved arrows are used to show hydride delivery. Note that the tail of the first arrow is placed on the bond 
between B and H (it is NOT placed on the negative charge). The resulting alkoxide is then protonated, which also 


requires two curved arrows. 
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(b) The stereoisomer that is formed is the result of hydride delivery to the bottom face of the C=O bond, so that the 
newly installed hydrogen atom is on a dash, and the oxygen atom ends up on a wedge. This indicates that the 
borohydride ion approaches preferentially from the bottom face of the carbonyl group. 


12.13. 

(a) The desired product has only two groups connected 
to the a position. Either one of these groups could have 
been installed via a Grignard reaction with the 
appropriate aldehyde, as shown. 


oO 
1) MeMgBr 


AA 2 N i 
pee 
JL 1) PrMgBr_ ~~ 
H 


(racemic) 
2) H20 


(b) The desired product has three groups connected to 
the a position, although two of them are identical. So 
there are only two different groups that could have been 
installed via a Grignard reaction, shown here. 


pak 


1) MeMgBr 


1)PrMgBr _~ 


O 
A 2) H20 
(c) The desired product has only one group connected 
to the a position. That group could have been installed 
via a Grignard reaction with formaldehyde, as shown. 


IL 1) PrMgBr oH 
rr 
H œH -2) H20 e. 


(d) The desired product has only two groups connected 
to the a position. Either one of these groups could have 
been installed via a Grignard reaction with the 
appropriate aldehyde, as shown. 


Li, 


1) EtMgBr 


2)H20 \ 
CL tL 
(racemic) 
L Qe) 


2) H20 


(e) The desired product has three groups connected to 
the a position. Any one of these groups could have been 
installed via a Grignard reaction with the appropriate 
ketone, as shown. 


1) MeMgBr 


2)H20 \ 
_D EtMgBr EtMgBr eo de 
OH 


2) H2O 


(racemic) 
1) BuMgBr 


2) H20 


Y oR 
D 


(£) The desired product has three groups connected to 
the a position, although two of them are identical. So 
there are only two different groups that could have been 
installed via a Grignard reaction, shown here. 

1) MeMgBr 


APO 
o gA 
p MgBr 
CUE - 
2) H2O 


12.14. Each of the following two compounds can be 
prepared from the reaction between a Grignard reagent 
and an ester, because each of these compounds has two 
identical R groups connected to the a position: 


Me OH 


Sl le 
a 


The other four compounds from Problem 12.13 do not 
contain two identical R groups connected to the a 
position, and cannot be prepared from the reaction 
between an ester and a Grignard reagent. 
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12.15. 

(a) This synthetic transformation converts an ester to an alcohol with the installation of two new methyl groups. Both 
methyl groups can be installed in the same Grignard reaction, using CH3MgBr (MeMgBr), since two equivalents of a 
Grignard reagent will react with an ester. After the reaction is complete, an aqueous workup then gives the desired 


product. 
1) xs se ehaNaer 
2m0 H20 
HO CO2Me 
1 


(b) In this case, a third equivalent of the Grignard reagent is required because of the presence of the alcohol functional 
group. The acidic proton of the alcohol will react with one equivalent of the Grignard reagent. 


(c) In the first step of the mechanism, a proton-transfer reaction occurs. One equivalent of the Grignard reagent 
(methyl magnesium bromide) functions as a base and removes the proton of the alcohol. This step requires two curved 


arrows. 
® 
MgBr 
H — 
e H—O CO 2Me :O COMe 
H 


In the second step of the mechanism, a second equivalent of the Grignard reagent functions as a nucleophile and attacks 
the C=O bond of the ester. This step requires two curved arrows. The resulting intermediate then ejects a leaving group 
to give a ketone, which also requires two curved arrows. The ketone is then further attacked by a third equivalent of the 
Grignard reagent. Once again, two curved arrows are used to show the nucleophilic attack, resulting in a dianion. 


H X i M H m HC CH3 


Finally, the dianion is then protonated upon treatment with water. There are two locations that are protonated, each of 
which requires two curved arrows, as shown. Notice that each anion is protonated in a separate step (this should not be 
drawn as one step with four curved arrows, because there are two distinct processes occurring, and it is unlikely that 
they occur precisely at the same moment). 


H H 
nly: wal 
C. = :O—H 
Of — ) OH OH 
2:9 = Sio HO 
HC CH HC CH3 HC CH3 


12.16. 
(a) This type of transformation can be achieved via a However, the starting material has an OH group, which 
Grignard reaction. is incompatible with a Grignard reaction. To resolve this 
O issue, we must first protect the OH group and then 
i 1) PA OH perform the desired Grignard reaction. Deprotection 
age g R—MgBr ie R then gives the desired product, as shown. 
2 
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1) TMSCI, Et3N 


2) Mg 

_3)(CH3)2C=O_ (CH3)2C=O 

4) -pHo 

5) TBAF 

[a 
Et3N |r 
OTMS OTMS 
a ODM Mg s OT 
3) H20 


(b) This type of transformation can be achieved via a 
Grignard reaction in which the Grignard reagent is 
treated with 0.5 equivalents of an ester. 


o 
1P 
e 
Mg (0.5 eq) oh 
R-Br —> R-MBr —— 0 > 
2) H20 R R 


However, the starting material has an OH group, which 
is incompatible with a Grignard reaction. To resolve this 
issue, we must first protect the OH group and then 
perform the desired Grignard reaction. Deprotection 
then gives the desired product, as shown (next page). 


OH OTMS 
Br Br 
TMSCI, 
— r 
Et3N 
1) Mg 
(0) 
a A 
OTMS OH OTMS OMe 
(0.5 equivalents) 
| TBAF 


12.17. 


(a) We must convert a secondary alcohol into a 
secondary alkyl bromide, with inversion of 
configuration, so an Sn2 process is required. However, 
the OH group is a bad leaving group. One way around 
this issue is to convert the OH group into a tosylate (by 


treating the alcohol with tosyl chloride and pyridine). 
The tosylate can then be treated with bromide to give the 
desired product. Alternatively, the alcohol can be treated 
with PBrs to give the desired product. 


1) TsCl, py 


OH Z JNaBr N 


(b) We must convert a tertiary alcohol into a tertiary 
alkyl bromide. This can be achieved upon treatment 
with HBr. 


r 


"O 


OH Br 


(c) We must convert a secondary alcohol into a 
secondary alkyl chloride, with inversion of 
configuration, so an Sn2 process is required. However, 
the OH group is a bad leaving group. One way around 
this issue is to convert the OH group into a tosylate (by 
treating the alcohol with tosyl chloride and pyridine). 
The tosylate can then be treated with chloride to give the 
desired product. Alternatively, the alcohol can be treated 
with thionyl chloride and pyridine. 


1) TsCl, py 


/2)Nacl N 


[=o Se OZ 


(d) We must convert a secondary alcohol into a 
secondary alkyl bromide, with inversion of 
configuration, so an Sn2 process is required. However, 
the OH group is a bad leaving group. One way around 
this issue is to convert the OH group into a tosylate (by 
treating the alcohol with tosyl chloride and pyridine). 
The tosylate can then be treated with bromide to give the 
desired product. Alternatively, the alcohol can be treated 
with PBrs to give the desired product. 


“nny 


1) TsCl, py 


VA 2) NaBr \ 
Ss Br 
N PBr3 / 


(e) We must convert a secondary alcohol into a 
secondary alkyl chloride, so a substitution process is 
required. However, the OH group is a bad leaving 
group. One way around this issue is to convert the OH 
group into a tosylate (by treating the alcohol with tosyl 


ny 
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chloride and pyridine). The tosylate can then be treated 
with chloride to give the desired product. Alternatively, 
the alcohol can be treated with thionyl chloride and 
pyridine, or with HCI and ZnCl. 


CHAPTER 12 407 


the OH group is a bad leaving group. One way around 
this issue is to convert the OH group into a tosylate (by 
treating the alcohol with tosyl chloride and pyridine). 
The tosylate can then be treated with bromide to give the 
desired product. Alternatively, the alcohol can be treated 


1) TsCl, py with HBr or with PBr3. 
/ 2) NaCl \ 
1) TsCl, py 
pn SOCh ee / 2)NaBr \ 
TS 
OH py Cl 
HBr 
Aa oH Pe Aa 
HCI Br 
ZnCl 


(f) We must convert a primary alcohol into a primary 
alkyl chloride, so an Sn2 process is required. However, 


12.18. 
(a) When diol 1 is treated with PBr3, each of the two OH groups can separately react with the reagent to produce 
dibromide 2. Notice that the configuration of the chiral center is now inverted, since the mechanism for bromide 


displacement involves an Sn2 reaction. 
Br 
mane 
Br 
2 


(b) The byproduct can be formed via the following process. First, the terminal alcohol is converted into a good 
leaving group upon treatment with PBr3. However, before a bromide ion can attack this intermediate, an intramolecular 
Sn2-type reaction occurs — the internal OH group can displace the good leaving group of 4 to form cyclic ether 5 which 
can be deprotonated to produce byproduct 3. 


HO 
PBr3 
R : —_> 
H 


Om 


1 


Br 
sS \ 
o eper 
H 7 H 
Br | 
———~—omwerww-s A Br 
R : : R X (©) 
OH a) Br 
1 H7 i 


Notice that the primary OH group is converted into a good leaving group, and the secondary OH group functions as a 
nucleophile. If instead the secondary OH group had reacted with PBr3 (6), and the primary OH group had functioned 
as a nucleophile, then compound 7 would have been produced, which is not the byproduct (it is the enantiomer of the 


byproduct). 
R y H R 
= — > 
Ho p~ a j 
7 


Br wrong 
enantiomer 


www.MyEbookNiche.eCrater.com 


408 CHAPTER 12 


12.19. 

(a) An alcohol is converted to an alkene upon treatment 
with concentrated sulfuric acid. In this case, there are 
two possible regiochemical outcomes, and we expect that 
the more substituted alkene will be the major product. 


conc. 

ee _ ee Pon 
Thea 

major minor 


(b) An alcohol is converted to a tosylate upon treatment 
with tosyl chloride and pyridine. This tosylate is a 
secondary substrate, and ethoxide is both a strong 
nucleophile and a strong base. Recall from Chapter 7 
that a secondary substrate is expected to react with 
ethoxide via an E2 process to give the major product 
(while Sn2 gives the minor product). 


ee CD + Doe 
major minor 
\ TsCl, 
py 
[ors NaOEt 


12.20. 
(a) The alcohol in this case is secondary. Chromic acid 
will oxidize the alcohol to give a ketone. 


COo 


(b) The alcohol in this case is primary. Chromic acid 
will oxidize the alcohol to give a carboxylic acid. 
Oo 
OH OH 


SHIEK PY TsCl, py 
2) D NaOEt 


Na2Cr207 
H>SO, , H2O 


(c) The alcohol in this case is primary. This alcohol is 
oxidized upon treatment with chromic acid to give a 
carboxylic acid group, and the aldehyde group (already 
present) also undergoes oxidation to give a carboxylic 


acid group as well. 


H 
NOH -= 
O 
(d) The alcohol in this case is primary. A Swern 


oxidation will oxidize the alcohol to give an aldehyde. 


Appears 
H 


(e) The alcohol in this case is secondary. PCC will 


oxidize the alcohol to give a ketone. 


(f) The alcohol in this case is primary. Dess-Martin 
periodinane (DMP) will oxidize the alcohol to give an 
aldehyde, and the other aldehyde group (already present) 
is unaffected under these conditions. 


HO o o 
ic DNP o 
q CHCl 


xs CrO3 
_H0* 
acetone 


1) DMSO, (COCI), 
> 
2) EN 


~~ CHCh 


12.21. As with all synthesis problems, we must determine: 1) if there is a change in the carbon skeleton, and 2) if there 
is a change in the functional groups. By numbering the carbon atoms of the galanthamine side chain, we see that the 
number of carbon atoms has remained the same. We can also observe that the carbon-carbon double bond of the 
starting material has been replaced by a carbon-carbon single bond, along with the installation of a carbon-oxygen 


double bond at the position labelled as C2. 


MeO 


H 
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The following retrosynthesis shows that the aldehyde can be made from the corresponding alcohol via an oxidation 
reaction. This alcohol can be made from the alkene via a hydration reaction. The C2 position is highlighted in the 
retrosynthetic scheme shown below: 


MeO H 


Now lets draw the forward process. The hydration step requires anti-Markovnikov regioselectivity, so a 

hydroboration-oxidation reaction is appropriate. Since the alcohol is primary, care must be used to select a reagent that 

will produce the aldehyde and not a carboxylic acid in the oxidation reaction. The following reaction sequence would 
produce the desired product: 

MeQ H 1) BH3 -THF Meo H 

z 2) H202, NaOH : 


— 
3) PCC, CHCl 


1) BH3* THF 
2) H202, NaOH 


12.22. 
(a) The desired transformation can be achieved by ee en 


converting the alkyne into an alkene, followed by anti- 2 H202, Nagri R 
Markovnikov addition of H and OH. 3) LIAIH4 


4) H20 


f 


A oH 


H 
1) Ho, Lindlar's cat. 1) RoBH Y 1) LiAIH, 
E E 
2) BH3* THF 2) H2092, O 2) H20 


3) H202, NaOH NaOH 


H NS There are likely other acceptable answers as well. 
2 1) BH3: THF 
Lindlar's 2) H205, (b) The desired transformation can be achieved by 
cat. NaOH converting the alcohol into an alkene, and then 


converting the alkene into an alkyne, as shown. 
As is the case with most synthesis problems that you will 


encounter, there is usually more than one way to achieve conc. 
the desired transformation using the reactions that we H2504, 
have learned so far. For example, the following / heat N 
alternative synthesis is perfectly acceptable. The alkyne DB 
: : awe r2 
a converted to an aldehyde via hydroboration-oxidation, ~~ OH A Pa 
ollowed by reduction with LiA1H4. 2)xsNaNH, 

1) TsCl, 3) H2O 

pyridine 
2) t-BuOK 
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(c) The desired transformation can be achieved by 
converting the alkene into an alcohol, and then oxidizing 
the alcohol with PCC to give the aldehyde, as shown. 


1) BH3: THF ö 
2) H202, NaOH ashe 
JOG 3) PCC, CHCl H 
OH 
1) BH3- THF Po PCC 
2) H202, NaOH CHCl 


(d) The desired transformation can be achieved by 
converting the alcohol into an alkene, and then reducing 
the alkene to an alkane, as shown. 


z| Tg 

TARE 

+100 
= 


OH 
1) TsCl, py 
2) NaOEt 


(e) The desired transformation can be achieved by 
reducing the aldehyde, and then converting the resulting 
alcohol into an alkene, as shown. If the second process 
is performed by converting the alcohol to a tosylate, 
followed by treatment with a strong base, then it is 
important that the base is sterically hindered (tert- 
butoxide). With a primary substrate, Sn2 will likely 
predominate over E2 if the base is not sterically 


hindered. Alternatively, a non-nucleophilic base, such as 
DBU, can be used 
conc. 
H2SO4, 
o | OH 


heat | 
1) LiAIH, 
— r 
H 2)H20 1) TsCI, Da 
\ pyridine f 


2) t-BuOK or DBU 


(£) The desired transformation can be achieved by 
reducing the ketone, and then converting the resulting 
secondary alcohol into an alkene, as shown. If the 
second process is performed by converting the alcohol to 
a tosylate, followed by treatment with a strong base, then 
it is important that the base is not sterically hindered. A 
sterically hindered base would give the less substituted 
alkene as the major product, and we need the more 
substituted alkene. Appropriate bases include hydroxide, 
methoxide and ethoxide (ethoxide is shown in the 
following synthesis). 


conc. 
H2504, 
| heat | 
O OH 

1) LIAIH4 

———_ 

2) H2O “i 

\ "pyridine TsCl, 
\ pyridine 7 
2) NaOEt 


12.23. Compound 1 contains both an ester group and an amide group. As described in the problem statement, 
treatment of compound 1 with LiBHs is expected to result in reduction of the ester group, while the amide group will 


remain unchanged. 


ester group O OEt OH 
is reduced a Ze Bh 
53 LP A — 
ZB HO a 
1) excess LIBH 
amide group N SE ta el ee N 
is not reduced © -a 2) H2O o 
OCH; 2 OCH3 


Treatment of compound 2 with excess NaH, followed by excess benzyl bromide, converts both hydroxyl groups into 


ether groups. 


Finally, partial reduction of the alkyne affords the cis-alkene: 
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Za Ph 

= Ph y 

= a 

HO a excess NaH O 
N excess PhCH2Br 
o DMF o 
2 OCH3 
12.24. 


(a) The product has more carbon atoms than the starting 
material, so we must form a carbon-carbon bond. This 
can be achieved with a Grignard reaction (using ethyl 
magnesium bromide to install an ethyl group). The 
resulting alcohol can then be oxidized to give the desired 


product. 
1) EtMgBr 
O 2) H2O O 
3) NazCr207, 
H ~— H»SO,, H2O 
J NarcOr, 
1) EtMgBr OH H250;4, 
2) H20 H20 


(b) The product has one more carbon atom than the 
starting material, so we must form a carbon-carbon bond. 
This can be achieved with a Grignard reaction (using 
methyl magnesium bromide to install a methyl group). 
The resulting alcohol can then be oxidized to give the 


desired product. 
pel peu 
H 


1) MeMgBr 

2) HO 

3) NazCr207, 
H2SO,, H20 


Na2Cr207, 
OH 
1) MeMgBr LA H2S0;4, 
H20 
2) H2O 


CHAPTER 12 411 
wee Ph Ph ` PZ Ph 
f — Ph A 
BZ (e) = 
N H N Ph 
Lindlar's catalyst © 
OCH; 3 OCH3 
12.25. 


(a) We begin by asking the following two questions: 

1) Zs there a change in the carbon skeleton? 
Yes, the carbon skeleton is increasing in size by one 
carbon atom. 

2) Is there a change in the functional groups? 
Yes, the starting material has a carbon-carbon double 
bond, while the product has an OH group. 
Now we must propose a strategy for achieving these 
changes. If we use a Grignard reaction to install the 
methyl group, we would need to use the aldehyde shown 
here: 


TT 


The resulting alcohol has the correct carbon skeleton, 
and it can be converted directly into the product via 
oxidation. So we only need to determine if the aldehyde 
above can be made from the starting material. Indeed, 
there are at least two methods for converting the starting 
alkene into the necessary aldehyde. One method is to 
convert the alkene into an alkyne (via bromination 
followed by elimination) and then to perform 
hydroboration-oxidation to obtain the aldehyde. Another 
method is to perform hydroboration-oxidation with the 
starting alkene, followed by oxidation with PCC to give 
the aldehyde. 


Grignard reaction 
a 


OH 
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y> — [X 
(0) 
| Bro 1) BH3: THF NazCr207 
2) H202, H2504, H20 
NaOH 


Br 
Br X 
OH 


1) MeMgBr 
NaNH2 BCG 25 ta 
2) H20 CHCl 
H 
e [X 
A 1) RoBH O 
Ba 2) H2072, 
NaOH 


(b) The starting material has two carbon atoms, while the 
product has seven carbon atoms, so we will need to 
create carbon-carbon bonds. The starting functional 
group is a triple bond, and the product is a ketone. There 
are certainly many acceptable answers to this problem. 
One such answer can be rationalized with the following 
retrosynthetic analysis. 


i. The product is a ketone, which can be made via 
oxidation of the corresponding secondary alcohol. 

ii. The secondary alcohol can be made by treating the 
appropriate aldehyde with ethyl magnesium 
bromide. 

iii. The aldehyde can be made from the corresponding 
terminal alkyne (via hydroboration-oxidation). 

iv. The terminal alkyne can be made from the starting 
material via alkylation (to install a propyl group). 


The reagents for this synthetic strategy are shown here. 


1) NaNH> 
2) CH3CH2CH>I 
3) RoBH o 
4) H202, NaOH 
S ) 2-2 > ee ee 
5) EtMgBr 
1)NaNH ©) H20 
2) 7) Na2Cr207, NazCr207, 
~~! HS0, H20 H2SO4, H2O 
OH 
RANS S 
DN 
O 1) EtMgBr 
2) H2O 


e 


(c) The product has more carbon atoms than the starting 
material, so we must form a carbon-carbon bond. This 
can be achieved with a Grignard reaction (using ethyl 
magnesium bromide to install an ethyl group). The 
resulting alcohol can then be oxidized to give the desired 
product. 


O 1) EtMgBr O 
2) H2O 
H 3) Na2Cr207, 
H2SO4, H2O 
OH NaCr207, 
H2504, 
1) EtMgBr H20 
2) H2O 


(d) The starting material has five carbon atoms, while 
the product has six carbon atoms, so we will need to 
install a methyl group. The starting functional group is 
an alcohol, and the product is a ketone. There are 
certainly many acceptable answers to this problem. One 
such answer can be rationalized with the following 
retrosynthetic analysis. 


Yr i II i H 
O OH O 
di [ji 
v iv OH 


i. The ketone can be made via oxidation of the 
corresponding secondary alcohol. 

ii. The alcohol can be made by treating the appropriate 
aldehyde with methyl magnesium bromide. 
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iii. The aldehyde can be made from the corresponding 
primary alcohol and a suitable oxidizing agent (such 
as PCC, Swern, or DMP). 

iv. The alcohol can be made from an alkene via hydro- 
boration-oxidation (anti-Markovnikov addition of H 
and OH) 

v. The alkene can be made from the starting alcohol 
via an elimination process. Since OH is a bad 
leaving group, it must first be converted into a 
tosylate in order to perform an E2 reaction. A 
sterically hindered base is then used to favor the 
less-substituted alkene. 


Reagents for this synthetic strategy are shown here: 


1) TsCl, py 
2) t-BuOK 
OH 3) BH3 * THF 
4) H202, NaOH 


5) DMP, CH2Clp 


TY 


6) MeMgBr 
4yTsc,, HAO Na2Cr207, 
pyridine 8) Na2Cr207, H2SO4, 
2)tBuoK H2904, H20 H20 
Boa FE 
OH 
1) BH3* THF 1) MeMgBr 
2) H20, NaOH 2) H2O 


J~a 


(e) The product has one more carbon atom than the 
starting material, so we will need to install a methyl 
group. The starting functional group is a triple bond, and 
the product is a ketone. There are certainly many 
acceptable answers to this problem. One such answer 
can be rationalized with the following retrosynthetic 
analysis. 
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Zl 


i. The product is a ketone, which can be made via 
oxidation of the corresponding secondary alcohol. 

ii. The secondary alcohol can be made by treating the 
appropriate aldehyde with methyl magnesium 
bromide. 

iii. The aldehyde can be made from the corresponding 
terminal alkyne (via hydroboration-oxidation). 


The reagents for this synthetic strategy are shown here. 


on eas 


1) RəBH NazCr207, 
2) H202, NaOH H2SO4, H2O 


ry TE 


(f) The functional group has not changed, but the 
product has an additional methyl group. This methyl 
group can be installed with a Grignard reaction, if the 
starting alcohol is first converted to a ketone (oxidation). 
Then, a Grignard reaction with methyl magnesium 
bromide will give the desired product. 


1) RoBH 

_2) H202, NaOH © 

~3)MeMgBr MeMgBr 

4) H2O 

5) NazCr207, 
H2804, HzO 


1) MeMgBr MeMgBr 
2) ano ` 


1) Na2Cr207, OH 
om H2804, HzO 
PN 2) MeMgBr AN 
3) H20 
NapgCro07, O 1) MeMgBr / 
H,SO,, H2O JI 2) H20 
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12.26. The following synthesis is one suggested approach. There are certainly other acceptable synthetic pathways 
that accomplish the same goal. 

The product (hexyl butanoate) has a total of 10 carbons, all of which must be ultimately derived from acetylene (which 
has two carbon atoms). Thus, we will likely use five equivalents of acetylene in this synthesis. We can map each two- 
carbon fragment of the product back to acetylene as shown below. 


O 
ALARA FRR 


LUUL 
APP PP 


The figure below outlines a retrosynthetic analysis for our target molecule. An explanation of each of the steps (a-l) 
follows. 


O O 
a b 
Ny KN. A 7 ™ Be + HO HNN 
\G |e 
d 
ZA 
ee N al ye S ye 
I | 
F 
xN Nr +H A Z | + a Z 
|k |) 9 
I made from two a 


NZ =>> equivalnts of acetylene 


as described in steps d-g 


a. Hexyl butanoate is made from an Sn2 reaction between 1-bromohexane and the carboxylic acid shown (after 
deprotonation of the carboxylic acid to make a good nucleophile). 

b. The carboxylic acid is made by oxidation of 1-butanol. 

c.  1-Butanol is made by anti-Markovnikov hydration of 1-butene. 

d. _1-Butene is made by partial reduction of 1-butyne. 

e. 1-Butyne is made from an Sn2 reaction between acetylene (which must be deprotonated to form an acetylide 
ion) and bromoethane. 

J. — Bromoethane is made by addition of HBr to ethylene. 

g. Ethylene is made by partial reduction of acetylene. 

h. 1-Bromohexane is made by anti-Markovnikov addition of HBr to 1-hexene. 

i 1-Hexene is made by partial reduction of 1-hexyne. 

J 1-Hexyne is made from an Sn2 reaction between acetylene (which must be deprotonated to form an acetylide 
ion) and 1-bromobutane. 

k.  1-Bromobutane is made by anti-Markovnikov addition of HBr to 1-butene. 

L 1-Butene is made as described in steps d-g. 


Now let’s draw the forward scheme. Acetylene is converted to bromoethane in two steps by hydrogenation with 
Lindlar’s catalyst followed by addition of HBr to the resulting alkene. Reaction with sodium acetylide (made from 
acetylene and sodium amide) produces 1-butyne, which is then treated with H2 and Lindlar’s catalyst to furnish 1- 
butene. Anti-Markovnikov addition of water (via hydroboration / oxidation) gives 1-butanol, which is subsequently 
oxidized to the carboxylic acid using chromic acid. Deprotonation with sodium hydroxide followed by reaction with 1- 
bromohexane produces the product, hexyl butanoate. (1-Bromohexane is made in four steps from 1-butene, as shown. 
Anti-Markovnikov addition using HBr and peroxides gives 1-bromobutane. Reaction with sodium acetylide gives 1- 
hexyne, which is subsequently reduced to 1-hexene with H2 and Lindlar’s catalyst. Anti-Markovnikov addition using 
HBr and peroxides gives |-bromohexane.) 
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{NaNHz 
H2 HBr HC=CNa H2 1) BH3' THF 
ZA — A — Br — Z [N —> QZ — k HO 
Lindlar's Lindlar's 2) H202 
catalyst catalyst NaOH 
H2CrO4 
O 
o tee HC=CNa He . n 
[NT e A EANAN 3 POR HO 
ROOR Br S& Lindlar's 
made as catalyst HBr 
descrive) ROOR 1) NaOH 
above 2) 
N N’N AAE 
oO 
ANN E 
12.27. then number in the direction that gives the second 
g 


(a) We begin by identifying the parent. The carbon 
atom connected to the OH group must be included in the 
parent. The longest chain that includes this carbon atom 
is five carbon atoms in length. So the parent is pentanol. 
There is only one substituent (highlighted) — a propyl 
group, located at C2. A locant is included to indicate the 
location of the OH group. 


2-propyl-1-pentanol 


(b) We begin by identifying the parent. The carbon 
atom connected to the OH group must be included in the 
parent. The longest chain that includes this carbon atom 
is five carbon atoms in length. So the parent is pentanol. 
There is only one substituent (highlighted) — a methyl 
group, located at C4. Finally, we assign a configuration 


to the chiral center. 
OH 
Pad 


1 3 5 
(R)-4-methyl-2-pentanol 


(c) We begin by identifying the parent (phenol). There 
are two substituents (highlighted) — a bromo group and a 
methyl group. Notice that the ring is numbered starting 
from the carbon atom bearing the OH group (it is not 
necessary to indicate a locant for the OH group, because 
in a ring, it is assumed to be at Cl, by definition). We 


substituent the lowest possible number (C2 rather than 
C4). According to this numbering scheme, the bromo 
group is at C2 and the methyl group is at C4. The 
substituents are arranged alphabetically in the name. 


re 


5 Br 


2-bromo-4-methylphenol 


(d) We begin by identifying the parent. The carbon 
atom connected to the OH group must be included in the 
parent. That carbon atom is part of a six-membered ring, 
so the parent is cyclohexanol. There is only one 
substituent (highlighted) — a methyl group. Notice that 
the parent chain is numbered starting from the carbon 
atom bearing the OH group (it is not necessary to 
indicate a locant for the OH group, because in a ring, it is 
assumed to be at Cl, by definition). The numbers go 
clockwise, so as to give the lowest number to the 
substituent (C2 rather than C6). Finally, we assign a 
configuration to each chiral center. 


Cr 
oe ti 


(1R, 2R)-2-methylcyclohexanol 


12.28. 
(a) Cyclohexanediol is a six-membered ring containing 
two OH groups. The locants for the OH groups (C1 and 
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C2) indicate that they are on adjacent carbon atoms, and 
the name of the compound indicates a cis configuration. 
That is, the OH groups are on the same side of the ring, 
giving the following meso compound. 


oe 
OH 
(b) Isobutanol is the common name for 2-butanol. The 


parent is a chain of four carbon atoms with the OH group 
connected to the C2 position. 


OH 


ALY 


(c) The parent is phenol and there are three substituents 
(all of which are nitro groups) located at C2, C4 and C6. 


OH 
ON NO, 


NO3 


(d) The parent (3-heptanol) is a chain of seven carbon 
atoms containing an OH group at the C3 position. The 
name indicates that there are two substituents (both 
methyl groups) at the C2 position. The C3 position is a 
chiral center, and it has the R configuration. 


MAN 


OH 


(e) Ethylene glycol is the common name for the 
following diol. 


HOA, 


(f) The parent (1-butanol) is a chain of four carbon atoms 
with an OH group connected to the Cl position. The 
name indicates that there is one substituent (a methyl 
group) at C2. The C2 position is a chiral center, and it 
has the S configuration. 


wo AL 


12.29. The solution to Problem 1.1d shows all 
constitutional isomers with the molecular formula 


C4Hi0O. Four of these isomers are alcohols, and have 
the following systematic names: 


OH OH OH 
Le a N Dae 
1-butanol 2-butanol 


2-methyl- 
2-propanol 


2-methyl- 
1-propanol 


12.30. 

(a) The trichloromethyl group (CCls) is powerfully 
electron-withdrawing because of the combined inductive 
effects of the three chlorine atoms. As a result, the 
presence of a trichloromethyl group stabilizes the 
conjugate base (alkoxide ion) that is formed when the 
OH group is deprotonated. So the presence of the 
trichloromethyl group (in close proximity to the OH 
group) renders the alcohol more acidic. The compound 
with two such groups is the most acidic. 


Increasing acidity 


z 
A ST eee 
OH OH OH 


(b) The following order is based on a solvating effect, as 
described in Section 3.7. Specifically, the presence of 
tert-butyl groups will destabilize the conjugate base that 
is formed when the OH group is deprotonated. As such, 
the compound with two tert-butyl groups will be the 
least acidic. 

Increasing acidity 


(c) These compounds are expected to have the following 
relative acidity. 


Increasing acidity 

C „OH ^ „OH i ° 

NO2 
Cyclohexanol is the least acidic because its conjugate 
base is not resonance stabilized. The other two 
compounds are much more acidic, because each of them 
generates a resonance stabilized phenolate ion upon 
deprotonation. Among these two compounds, 2- 
nitrophenol is more acidic, because its conjugate base 
has an additional resonance structure in which the 


negative charge is placed on an oxygen atom of the nitro 
group. 
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Note: This conjugate base has other resonance structures 
not shown here. 


12.31. 

(a) This structure exhibits a lone pair next to a 2 bond, so 
we draw the two curved arrows associated with that 
pattern (see Section 2.10). The first curved arrow is 
drawn showing a lone pair becoming a 7 bond, while the 
second curved arrow shows a m bond becoming a lone 
pair. The resulting resonance structure also exhibits a 
lone pair next to a m bond, so again we draw the two 
curved arrows associated with that pattern. This is 
continued until we have drawn all of the resonance 
structures, shown here. 


x) Vas S o o 
=P oc Cy 
oy A 
ra 


© 
o Go 
CY -LE 
Ə 
(b) This structure exhibits a lone pair next to a m bond, 
so we draw the two curved arrows associated with that 
pattern (see Section 2.10). The first curved arrow is 


drawn showing a lone pair becoming a m bond, while the 
second curved arrow shows a 7 bond becoming a lone 


pair. 
ris) 
eu O 
Aa As 


(c) This structure exhibits a lone pair next to a x bond, so 
we draw the two curved arrows associated with that 
pattern (see Section 2.10). The first curved arrow is 
drawn showing a lone pair becoming a z bond, while the 
second curved arrow shows a m bond becoming a lone 
pair. The resulting resonance structure also exhibits a 
lone pair next to a m bond, so again we draw the two 
curved arrows associated with that pattern, giving the 
third and final resonance structure. 
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12.32. 

(a) 1-Butanol is a primary alcohol. When treated with 
PBrs, the OH group is replaced with Br, so the product is 
1-bromobutane. 


(b) 1-Butanol is a primary alcohol. When treated with 
SOCl and pyridine, the OH group is replaced with Cl, so 
the product is 1-chlorobutane. 


SOCI, 


wea, > 
OH pyridine 


7 -™—«a 


(c) 1-Butanol is a primary alcohol. When treated with 
HCI and ZnCl, the OH group is replaced with Cl, so the 
product is 1-chlorobutane. 


ZnClo 


AO NA N OH HG 


N ASe 


(d) When treated with Dess-Martin periodinane (DMP), 
a primary alcohol is oxidized to give an aldehyde (which 
is not further oxidized). 

O 


DMP AA 
E H 


xM CH>Clo 


(e) When treated with chromic acid, a primary alcohol is 
oxidized to give a carboxylic acid. 
O 


Fee 


(f) When treated with lithium, an alcohol is deprotonated 
to give an alkoxide ion. 


Na2Cr207 


wa 
OH HyS04, H2O 


Li 
OOF ey —_ 4 SP Ta 


(g) When treated with sodium hydride (a strong base), an 
alcohol is deprotonated to give an alkoxide ion. 


NaH o ® 
A~~-~™~on — > xN Ni: Na 
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(h) When treated with TMSCI and a base (Et3N), the OH 
group is protected (it is converted to OTMS). 


TMSCI 
m 


(i) When treated with tosyl chloride and a base 
(pyridine), the OH group is converted to a tosylate 


group. 
TsCl 


xM pyridine 


ASAAN OTs 


(j) When treated with sodium, an alcohol is deprotonated 
to give an alkoxide ion. 


Na 
a0 © 
N MNH - > CONES: Na 


(k) When treated with tert-butoxide (a strong base), an 
alcohol is deprotonated to give an alkoxide ion. 


t-BuOK 
a a OH eo 


Pi Pree a 
9O: K 
12.33. When treated with aqueous acid, the m bond is 
protonated, giving a secondary carbocation (rather than a 
primary carbocation). This secondary carbocation can 
then rearrange via a methyl shift to give a more stable, 
tertiary carbocation, which is then captured by a water 
molecule. The resulting oxonium ion is then 
deprotonated by a molecule of water to give the product: 


OH 
As, — 
i 
o< H H 
H @°H Oe 
oo oe 
- Hot 
pe a 
— © 


12.34. 
(a) The desired aldehyde can be prepared in one step, 
using PCC, or DMP, or the Swern oxidation. One of 


these is shown below. 
@) 
Paes H 


OH 
(b) The desired carboxylic acid can be prepared in one 


step, using chromic acid as the oxidizing agent. 


DMP 
— 
CH2Cl2 


Na2Cr207 
— > 
H2SO4, H2O 


(c) The desired alcohol can be prepared by first 
converting the starting alcohol into an aldehyde (with 
DMP, or with PCC, or via Swern oxidation) followed by 
a Grignard reaction with ethyl magnesium bromide. 


OH OH 
Poo 1) DMP, CHCl ee 
2) EtMgBr 
3) H20 


loe, f oeme) 
DMP AD 1) EtMgBr 

CH2Cl2 H 2)H20 

(d) This problem is similar to the previous problem, but 
two alkyl groups must be installed (an ethyl group and a 
methyl group). Each alkyl group can be installed using 
the same procedure from the previous problem 
(oxidation, followed by a Grignard reaction). The first 
oxidation procedure can be performed with DMP (or 
PCC, or Swern oxidation) to give the aldehyde. The 
second oxidation procedure can also be achieved with a 
variety of oxidizing agents, including chromic acid. 


1) DMP, CH,Clp 


OH 2) EtMgBr OH 
Po. cals 
——— Á- 
4) Na2Cr207, 
H2SO4 , H2O 

DMP, 5) MeMgBr 1) MeMgBr 
CH2Cl2 6) H2O 2) H20 

fe) (0) 

H 


1) EtMgBr 
NƏ H20 


(e) Oxidation with DMP (or PCC, or Swern oxidation) 
gives an aldehyde, which can then be treated with a 
Grignard reagent to give a secondary alcohol. Oxidation 
of this alcohol gives the desired ketone. 


Ay 
ee H2SO0; , H2O 


1) DMP, CH>Clo 


OH 2)CH3CH2CH»MgBr O 
3) H20 
4) Na2Cr207, 
H280; , H20 
DMP, ica te 
CH2Cl 
O 
AX, 
Na2Cr207, 
1)CH;CHaCHM9Br oy H2SO4 , H2O 
2) H2O 


AN 
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12.35. 

(a) The desired product has only one group connected to 
the a position. That group could have been installed via 
a Grignard reaction with formaldehyde, as shown. 


1) Coe 


an 2) H20 
(b) The desired product has three groups connected to 
the a position. Any one of these groups could have been 
installed via a Grignard reaction with the appropriate 
ketone, as shown. 


on 


x 


1) MeMgBr 


2H0  \ 
ah 


1) PrMgBr 
2) H2O 


(c) The desired product has only two groups connected 
to the a position. Either one of these groups could have 
been installed via a Grignard reaction with the 
appropriate aldehyde, as shown. 


A, 


1) EtMgBr 


O 
JL 1) PrMgBr / 
H 2) H2O 
12.36. 
(a) Reduction of the following aldehyde will afford the 


desired product. 
O 


(b) Reduction of the following ketone will afford the 


desired product. 
O 
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(c) Reduction of the following ketone will afford the 


desired product. 
O 


12.37. 

(a) The product has more carbon atoms than the starting 
material, so we must form a carbon-carbon bond. This 
can be achieved with a Grignard reaction (using ethyl 
magnesium bromide to install an ethyl group). The 
resulting alcohol can then be oxidized to give the desired 


product. 
oO oO 
1) Et{MgBr 
H  2)H20 
— 
3) NazCr207, 
H2SO4, H2O 


NazCr207, 


OH 
H2SO4, 
H20 


(b) Reduction of the aldehyde can be achieved with 
either LiAlH4 or NaBHs. This transformation cannot be 
achieved via catalytic hydrogenation, as that process 
would also reduce the carbon-carbon z bond. 


1) EtMgBr 


2) H20 


1) LiAIH, 


2) H2O 
o 
H 
\ NaBH, / 


MeOH 


Cy 


12.38. Hydride functions as a base and removes a proton 
from the alcohol, giving an alkoxide ion. This 
intermediate has both a nucleophilic region (the 
negatively charged oxygen atom) and an electrophilic 
region (the position that is a to the bromine atom). As 
such, an intramolecular, Sn2-type process can occur, 


giving a cyclic product. 
NaH CJ 
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12.39. The major product is 1-methylcyclohexanol 
(resulting from Markovnikov addition), which is a 
tertiary alcohol. 


OH 


dilute H2SO4 
— o 


Major 


Tertiary alcohols do not generally undergo oxidation. In 
contrast, the minor product (2-methylcyclohexanol) is a 
secondary alcohol and can undergo oxidation to yield a 
ketone. 


12.40. The conversion of compound B to compound C is 
achieved via a Grignard reaction that employs acetone as 
the electrophile. Therefore, the Grignard reagent 
(compound B) must be cyclohexyl magnesium bromide, 
as shown. 


Br MgBr 
————_ 


Compound A Compound B 
(0) 
v A 
2) H20 
OH 
conc. 
ae H2804 
= 
heat 
Compound C 


12.41. The starting material has three carbon atoms, and 
the product has six carbon atom, so we must form a 
carbon-carbon bond. This can be achieved with a 
Grignard reaction. The reagents for this Grignard 
reaction (acetone and propyl magnesium bromide) can 
both be prepared from the starting alcohol, as shown 
here. 


conc. 
H2504 


heat AS 1) HBr, ROOR 
2) Mg 


12.42. 
(a) Two curved arrows are used to show hydride 
delivery. Note that the tail of the first curved arrow is 


placed on the bond between Al and H (it is NOT placed 
on the negative charge). The resulting alkoxide ion is 
then protonated upon treatment with water. This 
protonation step requires two curved arrows, as shown. 


Se 
= 


H—AI—H 
| fo HH 
H :O: 
H 


(b) Two curved arrows are used to show hydride 
delivery. Note that the tail of the first curved arrow is 
placed on the bond between B and H (it is NOT placed 
on the negative charge). The resulting alkoxide ion is 
then protonated, which requires two curved arrows, as 
shown. 


(0) OH 
Z 


12.43. 

(a) As seen in Mechanism 12.6, the OH group is 
transformed into a better leaving group (through a series 
of steps shown below), and then chloride attacks as a 
nucleophile and expels the leaving group. 


:0H cl 
SOC = 


pyridine 


+ SO2 
SSAA + cl? 


(b) As seen in Mechanism 12.7, the OH group is 
transformed into a better leaving group, and then 
bromide attacks as a nucleophile and expels the leaving 


group. 
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(c) Two curved arrows are used to show hydride 
delivery to the ester. Note that the tail of the first curved 
arrow is placed on the bond between Al and H (it is NOT 
placed on the negative charge). The resulting 
intermediate then ejects ethoxide as a leaving group, 
which requires two curved arrows. The resulting 
aldehyde is then further reduced by another equivalent of 
LiAIH4. Once again, two curved arrows are used to 
show hydride delivery. The resulting alkoxide ion is 
then protonated upon treatment with water. This 
protonation step requires two curved arrows. 


ari 1) LIAIH4 Om 
EEE coal 
~ a is 
H 


12.44, 

(a) The starting material is an alcohol, and the product is 
a ketone. This transformation can be achieved in one 
step, using chromic acid as the oxidizing agent. 


OH O 


sai s 


(b) The starting material is an alcohol and the product is 
an aldehyde. This transformation can be achieved in one 
step, using PCC, or DMP, or a Swern oxidation. 


NasCr207 
H2SO,, H2O 


OH o 
PCC | 
CHCl 
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(c) The starting material is an alcohol, and the product is 
an aldehyde. This transformation can be achieved in one 
step, using PCC, or DMP, or a Swern oxidation. 


OH 
CHsCh 


(d) The starting material is an alcohol and the product is 
a carboxylic acid. This transformation can be achieved 
in one step, using chromic acid as the oxidizing agent. 


Sho 


(e) The starting material is an aldehyde, and the product 
is an alcohol. This transformation can be achieved in 
one step, using LiAlH4 or NaBH; as a reducing agent. 


OH 
Maer 


“HS0, H0 


OH 
1) LIAIH4 


H  2)H20 


(£) The starting material is a ketone and the product is an 
alcohol. This transformation can be achieved in one 
step, using LiAIH,4 or NaBH, as a reducing agent. 


A 


OH 


CA 


1) LIAIH, 
2) H2O 


12.45. 
(a) Ozonolysis of the alkene gives a dialdehyde, which is 
then reduced when treated with excess LIAIH; to give a 
diol. 
1) O3 
2) DMS 
r 
3) xs LiAIHa 
4) H20 


H 
1) xs LiAIH, 
O 2) H20 
o 
H 


NON Fe 
OH 
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(b) Ozonolysis of the alkene gives a dialdehyde, which is 
then reduced when treated with excess LIAIH; to give a 
diol. 


1) O3 
l 2 = = HO. eS 
3) xs LIAIH, OH 
4) H20 
H 
1) xs LiAIH, 
1) O3 fe) 2) H20 
2) DMS oO 
H 


(c) Treating the aldehyde with ethyl magnesium bromide 
(followed by water work-up) gives a secondary alcohol, 
which is then oxidized to give a ketone upon treatment 
with chromic acid. Finally, the ketone is converted to a 
tertiary alcohol when treated with ethyl magnesium 
bromide (followed by water work-up). 


1) EtMgBr 
O 2) H2O OH 
H p 3) Na2Cr207, ied 
H2SO4, H2O 
1) EtMgBr 4) EtMgBr 
2)H2O  5)H;0 | 1) EtMgBr 
2) H2O 
OH o 
oj a 
H3504, HO 


12.46. 


(d) The aldehyde is reduced upon treatment with 

LiAlH; to give an alcohol. Treating the alcohol with 

tosyl chloride and pyridine converts the alcohol into a 
3) TsCl, 


tosylate. 
pyridine OTs 


H TsCl, 


idi 
1) LIAIH4 OR ng 
OH 


2) H2O 
(e) Acid-catalyzed hydration of the alkene gives a 
secondary alcohol, which is then oxidized to a ketone 
upon treatment with chromic acid. Finally, the ketone is 
converted to a tertiary alcohol when treated with a 
Grignard reagent (followed by water work-up). 


1) LiAIH, 
2) H20 
——— > 


1) H30* 
2) Na2Cr207, H2804, H20 
z 
3) PhMgBr 
4) H2O OH 
l Ph 
1) PhMgBr 
2) HO 
Na2Cr207, 
H2SO4, H2O 
OH [@) 


(a) In the first step of the mechanism shown below, the Grignard reagent (methyl magnesium bromide) functions as a 
nucleophile and attacks the C=O bond of the ketone. This step requires two curved arrows. The resulting alkoxide ion 
is then protonated upon treatment with water. This proton transfer step also requires two curved arrows, as shown. 


(b) In the first step of the mechanism shown below, the Grignard reagent (methyl magnesium bromide) functions as a 
nucleophile and attacks the C=O bond of the ester. This step requires two curved arrows. The resulting intermediate 
then ejects a leaving group to give a ketone, which requires two curved arrows. The ketone is then further attacked by 
another equivalent of the Grignard reagent. Once again, two curved arrows are used to show the nucleophilic attack, 


resulting in a dianion. 
9 
O CH3 
% 
o€ 


© © 
E MgBr H o MgBr H 
© | e) CH 
£ ICH :0 3 
(0) H GO 
— 


(0) el 
£ CH 
H H 
— a al 
o2 
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The resulting dianion is then protonated upon treatment with water. There are two locations that are protonated, each 
of which requires two curved arrows, as shown. Notice that each anion is protonated in a separate step (this should not 
be drawn as one step with four curved arrows, because there are two distinct processes occurring, and it is unlikely that 


they occur precisely at the same moment). 


o.l 
Ə CH HO CH3 HO CH 
CH y CH3 M CH3 

Lo 
of 3: OH 


12.47. One carbon atom is reduced from an oxidation 
state of 0 to an oxidation state of -1, while the other 
carbon atom is oxidized from an oxidation state of 0 to 
an oxidation state of +1. Overall, the starting material 
does not undergo a net change in oxidation state and is, 
therefore, neither reduced nor oxidized. 


12.48. One carbon atom is reduced from an oxidation 
state of 0 to an oxidation state of -2, while the other 
carbon atom is oxidized from an oxidation state of 0 to 
an oxidation state of +2. Overall, the starting material 
does not undergo a net change in oxidation state and is, 
therefore, neither reduced nor oxidized. 


12.49. Two curved arrows are used to show delivery of 
hydride to the ester. Note that the tail of the first curved 
arrow is placed on the bond between Al and H (it is NOT 
placed on the negative charge). The resulting 
intermediate then ejects a leaving group, which requires 
two curved arrows. The resulting aldehyde is then 
further reduced by another equivalent of LiAlH4. Once 
again, two curved arrows are used to show hydride 
delivery, resulting in a dianion. 


o © 
£ a M 
O exces LiAIH4 H 
y 
i j 8 
© 
\ ae Si HAH 
H H / 
© 
h ra / 
fe) H 
l : 
a2 


The dianion is then protonated upon treatment with 
aqueous acid. There are two locations that are 
protonated, each of which requires two curved arrows, as 
shown. Notice that each protonation step is drawn 
separately. The less stable negative charge (the stronger 
base) is protonated first (see Section 3.7 to determine 
which negative charge is less stable). 


12.50. In the first step of the mechanism, the Grignard 
reagent (methyl magnesium bromide) functions as a 
nucleophile and attacks the C=O bond of the ester. This 
step requires two curved arrows. The resulting 
intermediate then ejects a leaving group to give a ketone, 
which requires two curved arrows. The ketone is then 
further attacked by another equivalent of the Grignard 
reagent. Once again, two curved arrows are used to 
show the nucleophilic attack, resulting in a dianion. 


excess a 
O, [N MeMgBr CH3 
oO ———> 
CH3 
O 
H H © 
| ® 1 © 
H-GG MgBr H—C: 
| 
H H 
©] 
O 
O CH 
D CH3 


[26 Qo 
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The resulting dianion is then protonated upon treatment 
with aqueous acid. There are two locations that are 
protonated, each of which requires two curved arrows, as 
shown. 


Notice that each protonation step is drawn separately. 
The less stable negative charge (the alkoxide) is 
protonated first (rather than phenolate, which is more 
stable because it is resonance-stabilized). In fact, the 
phenolate anion is even more stable than a hydroxide 
ion, which explains why the proton source must be H30* 
rather than water. Water is not sufficiently acidic to 
protonate a phenolate ion (see Section 12.2, Acidity of 
Alcohols and Phenols). 


12.51. Treating the aldehyde with methyl magnesium 
bromide (followed by water work-up) gives the 
secondary alcohol, which can then be oxidized with 
chromic acid to give a ketone. Treatment of the ketone 
with phenyl magnesium bromide gives a tertiary alcohol. 
Converting this alcohol to the less substituted alkene 
(disubstituted, rather than trisubstituted) requires that we 
first convert the OH group to a tosylate group, and then 
perform an E2 reaction with a sterically hindered base, 
such as fert-butoxide. Conversion of this alkene into a 
primary alcohol requires an anti-Markovnikov addition 
of H and OH across the alkene, which can be achieved 
via hydroboration-oxidation. Treatment with PBr3 then 
converts the primary alcohol to a primary bromide. This 
alkyl bromide is then converted to a Grignard reagent 
(upon treatment with Mg) and then treated with 
formaldehyde. The resulting alcohol can then be 
oxidized to an aldehyde with PCC (or DMP, or Swern 
oxidation). 


1) MeMgBr 
2) H20 O 
3) Na2Cr207, 
O H2SO4, H2O H 
4) PhMgBr 
H 5 H20 
on 6) TsCl, 
pyridine 
1)MeMgBr 7) -BuOK PCC 
2) H2O 8) BH3-THF CHCl 
OH 9) H205, NaOH 
10) PBr3 
11) Mg OH 
oe 12) HoC=O | | : 
13) H20 
14) PCC, 
Na2Cr207 CH>Clo 
[sos H2 1) Mg 
oO 2) H2C=0 
3) H20 


1) PhMgBr 
2) H20 
al | PBra 
OH 
pyridine 


2) t-BuOK 


12.52. | 2-Nitrophenol is expected to be more acidic 
(lower pKa) because its conjugate base has a resonance 
structure in which the negative charge is spread onto an 
oxygen atom of the nitro group: 


© 
O: 
Sr ie 
oro" So? 
=> 


In contrast, 3-nitrophenol does not have such a resonance 
structure. 


ie) 
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12.53. Most of the reagents for these transformations 
can be found in Figure 12.11. 


oO 


1) RoBH 
<—_—_———_—— 

H 2) H2Oo, 

NaOH 


PCC 1) LIAIH, 
CH2Clp 2) H20 


1) TsCl 
OH = 2) t BuOK 


1) Bro 

2) xs NaNH2 

3) H2O 
Ho, 

Lindlar's 
cat. 


; 


1) BH3: THF 


12.54. 

(a) The product has one less carbon atom then the 
starting material, so we must break a carbon-carbon 
bond. Therefore, the last step of our synthesis must be 
ozonolysis of an alkene to give the desired ketone. With 
this in mind, preparation of the alkene can be achieved 
by reducing the starting material (with LiAIH,4 or 
NaBHs), followed by converting the OH group to a 
tosylate and then treating the tosylate with a non- 
nucleophilic base. 


(6) 1) LiAIH, 
2) H20 
H 3) TsCl, pyridine 
— 


4) DBN 
5) O3 


6) DMS 
AHO ) | 1) 0; 


Oi 
TsCl OTs DBN 
pyridine 


(b) The product has one more carbon atom than the 
starting material, so we must make a carbon-carbon 
bond. This can be achieved with a Grignard reaction, 
using methyl magnesium bromide to install a methyl 
group. The resulting alcohol can then be converted to 
the desired alkene via a two-step process. First, the 
alcohol is converted to a tosylate (because OH is a bad 
leaving group), and then the tosylate is treated with a 


|z LIAIH4 
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sterically hindered base to give the less substituted 


alkene. 
O 
1) MeMgBr 
H 2) HO S 
3) TsCl, pyridine 
4) t-BuOK 
1) MeMgBr 
2) H20 t-BuOK 
OH OTs 
TsCl 
pyridine 


(c) The starting material and the product have the same 
carbon skeleton. The identity of the functional group 
must be changed. This can be achieved in two steps. 
The alkyl chloride can first be converted to a primary 
alcohol via an Sn2 process, and then the alcohol can be 
oxidized with PCC (or DMP or Swern oxidation) to give 
the desired product. 


1) NaOH 
~“~~™cl 3) PCC, CHCl 


\ NaOH PCC / 
Te 


OH CH>Ch 


(d) In the previous problem, we saw a two-step 
procedure for converting the starting material into an 
aldehyde. 

O 


A 


This aldehyde can then be converted into the desired 
product via a two-step process (a Grignard reaction to 
install a methyl group, followed by oxidation). 


1) NaOH 


~~“™cl_ 9) PCC, CHC 


1) NaOH (0) 
2) PCC, CH2Cl2 ree 
SUE aan Sad 
<x Ncl 3) MeMgBr 
4) H20 
NaOH 5) Na2Cr207, Na2Cr207, 
H2804, H2O H2SO4, H20 
PCC, 
CH2Cl> ö 


1) MeMgBr 


ce 2) H2O 


(e) The starting material and the product have the same 
carbon skeleton. The identity of the functional group 
must be changed. This can be achieved in two steps. 
The alkene is first converted to an alcohol via acid- 
catalyzed hydration, and then the alcohol can be oxidized 
with chromic acid to give the desired product. 
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1) dilute H2SO4 
— EESEEEEEEEEEEEEad 


+ 


2) Na2Cr207, 
H2SO4, H2O 
dilute 
HSO; ii Na Cr207 
O H2SO4, H2O 


(f) In the previous problem, we saw that the starting 
material can be converted into a ketone in just two steps. 


Q on 


This ketone can be converted into the desired product 
3) MeMgBr 


with a Grignard reaction. 
Cy" 
4) H20 
haa 1) MeMgBr 
2 2) H2O 
; „OH S „O 
(g) In the previous problem, we saw that the starting 
material can be converted into a tertiary alcohol. 


1) dilute H2SO4 

2) NazCr207, H2SO4, H2O OH 
—— 

3) MeMgBr 

4) H2O 


This alcohol can be converted into the desired product in 
just one step (upon treatment with concentrated sulfuric 


0 or 


1) dilute H2SO4 


2) NazCr207, 
H2804, H20 


1) dilute H2SO4 
2) Na2Cr207, H2804, H20 
> 


NagCr207, 
> 
H2SO,, H2O 


1) dilute H»SO, 
2) Naz2Cr207, H2SOxq, H20 


3) MeMgBr 
4) H20 
dilute 5) conc. H2S04, heat one 
H250; H2504, 
heat 


O | 
or 1) MeMgBr 


2) H20 


(h) The product has one more carbon atom than the 
starting material, so we must make a carbon-carbon 
bond. This can be achieved with a Grignard reaction, 
using methyl magnesium bromide to install a methyl 
group. In order to perform the desired Grignard reaction, 
we must first convert the starting alkyne into a ketone, 
which can be accomplished via acid-catalyzed hydration 
in the presence of mercuric sulfate. 


OH 
a 1) HgSOx, H2804, H20 
A 2) MeMgBr 
3) H20 
oO 1) MeMgBr 
HgSOz, ge / 2)H,0 
H2504, 
H20 


(i) The product has one more carbon atom than the 
starting material, so we must make a carbon-carbon 
bond. This can be achieved with a Grignard reaction, 
using methyl magnesium bromide to install a methyl 
group. In order to perform the desired Grignard reaction, 
we must first convert the starting alkene into a ketone, 
which can be accomplished via a two-step process (acid- 
3) MeMgBr 


catalyzed hydration, followed by oxidation). 
4) H20 i 


diute 1) MeMgBr 
H2504 2) H20 


1) dilute H2SO4 
2) NazCr207, H2804, HzO 
> 


Na2Cr207, 
r reel an a 
HzSO,4, H2O 
OH 204) 12 fe) 


(j) The desired transformation can be achieved in one 
step, using a Grignard reaction. 
OH 


O 
N s 
(k) The starting material and the product have the same 
carbon skeleton. The identity of the functional group 
must be changed. This can be achieved in two steps. 
The ketone is first converted to an alcohol via reduction 
(using either LiAlH4 or NaBHa), and then the alcohol 


can be treated with concentrated sulfuric acid to give the 
desired alkene. 


1) Et(MgBr 
2) H2O 


fe) 
1) LiAIH, 


> 
2) conc. H2SO,, heat 


conc. 
\ LiAIH, HzSO,4 / 


heat 


Ss 


(1) The starting material and the product have the same 
carbon skeleton. The identity of the functional group 
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must be changed. The ketone is first converted to an 
alcohol via reduction (using either LiAlIH4 or NaBH4), 
and then we must perform an elimination process. Since 
the less substituted alkene is desired, we must use a 
sterically hindered base. Since OH is a bad leaving 
group, it must first be converted to a good leaving group. 
This can be accomplished by treating the alcohol with 
tosyl chloride and the resulting tosylate can then be 
treated with tert-butoxide to give the desired product. 
3) TsCl, py 


o 
ay ar 
4) t-BuOK 
1) LIAIH, 
2) H2O 
OH OTs 


TsCl, 
——_ 


pyridine 


1) LIAIH4 
2) H2O 


a oe 


t-BuOK 


(m) The starting material and the product have the same 
carbon skeleton. The identity and location of the 
functional group must be changed. The answer to the 
previous problem allows us to convert the starting 
material into an alkene, which can be then converted into 
the product via hydroboration-oxidation. 


o 1) LiAIH, 
2) H,O ue 
3) TsCl, py ee 
4) t-BuOK 
5) BH3-THF 
1) LiAIH, 6) H>O>, NaOH 
2) H20 1) BH3: THF 


2) H202, NaOH 
ad 
t-BuOK 


(n) The product has one more carbon atom than the 
starting material, so we must make a carbon-carbon 
bond. This can be achieved with a Grignard reaction, 
using methyl magnesium bromide to install a methyl 
group. The resulting alcohol can then be converted to 
the desired product upon treatment with concentrated 
sulfuric acid (an E1 process). 


O 1) MeMgBr 
2) H20 


3) conc. H2S0;4, heat 


conc. 
1) MeMgBr H2804, 


2) H20 heat 


AY 
OTs 
TsCl, 


pyridine 


SS 
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(0) The desired transformation can be achieved in one 
step, using a Grignard reaction. 


Oo OH 


ee ee 1) EtMgBr AY 


2) H2O 

(p) The starting material and the product have the same 
carbon skeleton. The identity of the functional group 
must be changed. This can be achieved by reducing the 
aldehyde (with either LiAlH4 or NaBH4) followed by 
treatment with PBrs to give the desired alkyl bromide. 


(0) 
2) H2O 


eo 
3) PBr3 


1) LiAIH, 
2) H20 PBr3 
SS 


(q) The product has one more carbon atom than the 
starting material, so we must make a carbon-carbon 
bond. This can be achieved with a Grignard reaction, 
using methyl magnesium bromide to install a methyl 
group. In order to perform the desired Grignard reaction, 
we must first convert the starting alkene into an 
aldehyde, which can be accomplished via hydroboration- 
oxidation, followed by oxidation with PCC (or DMP or 
Swern). 


1) LIAIH, ON 
Br 


1) BH3* THF OH 
2) H202, NaOH ren 
ee 
AS 3) PCC, CH2Ch 
4) MeMgBr 
=) 0 1) MeMgBr 
1) BH3: THE 2) H2O 
2) H2053, NaOH 
(0) 
NxM H 
CH2Cly 
12.55. The alcohol can be converted to an alkene via 


either of the two processes shown below. Notice that the 
second method involves converting the alcohol into a 
tosylate, followed by treatment with a strong base. If 
this method is used, it is important that the base is not 
sterically hindered. A sterically hindered base might 
give the less substituted alkene as the major product, and 
we need the more substituted alkene. Appropriate bases 
include hydroxide, methoxide and ethoxide (ethoxide is 
shown below). 


conc. 
H2504, 


OH Z heat N 
1) TsCl, 
N pyridine / 


2) NaOEt 
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12.56. The desired transformation can be achieved by 
converting the alcohol to an alkene (via either of the two 
methods discussed in the previous problem), followed by 
anti-Markovnikov addition of H and OH to give the 
product. 


conc. 
H2504, 


/ heat \ 
SK 

1) TsCl, 

pyridine 


2) NaOEt 


1) BH3: THF 
2) H207, NaOH 


A 


There are certainly other acceptable answers. For 
example, conversion of the alkene to the desired alcohol 
can be achieved via anti-Markovnikov addition of HBr 
(in the presence of peroxides) followed by an Sn2 
process in which hydroxide functions a nucleophile and 
replaces bromide. 


12.57. 
(a) The desired product can be made in just one step (via 
a Grignard reaction) from acetaldehyde (two carbon 


atoms). 
OH 
O 1) MeMgBr p 
— 
JÅ H 2) H20 
Acetaldehyde 


(b) The desired transformation can be achieved via a 
Grignard reaction in which acetaldehyde (two carbon 
atoms) is treated with ethyl magnesium bromide (two 
carbon atoms): 


A 


Acetaldehyde 


OH 


Pa 


1) EtMgBr 
2) H2O 


Certainly, there are other acceptable answers, two of 
which are shown below. In both of these pathways, the 
starting material is ethyl bromide (two carbon atoms): 


ye Br 
OH 
© © 
HC=C: Na dilute A 
H2SO4 
H2 
NZ 


< Lindlar's 
S catalyst 


H»SOq, H20 1) LIAIH4 
HgSO, i 2) H2O 


(c) There are certainly many acceptable answers to this 
problem. One such answer can be rationalized with the 
following retrosynthetic analysis. 


Oo 
i 
“~\~~~ou => AN 
[i 
iii 
Apr + S E ASS 


i. The product is an alcohol, which can be made from 
the corresponding aldehyde via reduction. 

ii. The aldehyde can be made from a terminal alkyne 
via hydroboration-oxidation. 

iii. The terminal alkyne can be made via an alkylation 
process. 


Reagents for this synthetic strategy are shown here. 


1) HC=CNa 
2) RoBH 
3) H202, NaOH 
Br - OOH 
4) LiAIH, 
5) H2O 
1) LiAIH, 
HC=CNa 2) H2O 
o 
1) R2BH 
— r 
SS 2) H,O, NaOH H 


The following are alternative synthetic pathways that 
also achieve the desired transformation: 


Ar ~~~ NAM 


HC=CNa 1) BH: THF 
2) H20», NaOH 
NaOH 
I Nx AN Br 
4 HBr, 

2 ROOR 

ZA 

Lindlar's x7 

catalyst 


(d) There are certainly many acceptable answers to this 
problem. One such answer can be rationalized with the 
following retrosynthetic analysis. 


OH P 
ruva => 


oO 


Fes 


|): 


SS 
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i. The alcohol can be made by treating the appropriate 
aldehyde with ethyl magnesium bromide. 
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The following is an alternative synthetic pathway that 
also achieves the desired transformation: 


ii. The aldehyde can be made from a terminal alkyne 1) HC=CNa 
(via hydroboration-oxidation). 2) NaNH> OH 
iii. The terminal alkyne can be made via an alkylation 3) EtBr ro 
AN z= 
process. Br 4) H504, 
H20, HgSO, ; 
Reagents for this synthetic strategy are shown here. HC=CNa 5) LiAIH 1) LiAIH, 
~ 4 2) H20 
6) H2O 
1) HC=CNa fe) 
2) RəBH OH aN S 
3) H202, NaOH DN 
~™Br 
4) EtMgBr 4) NaNH 
5) HO ) NaNH2 
2) H2O NNS HO 
o HgSO, 
N 1) R2BH ree 
SS 72) H;0>, NaOH H 


12.58. Two curved arrows are used to show hydride delivery to one of the ester groups. Note that the tail of the first 
curved arrow is placed on the bond between Al and H (it is NOT placed on the negative charge). The resulting 
intermediate then ejects a leaving group, which requires two curved arrows. The resulting aldehyde is then further 
reduced by another equivalent of LiAIH4. Once again, two curved arrows are used to show hydride delivery. This 
entire process is then repeated again for the other ester group, giving two equivalents of the dianion. 


H H 
| og) | © 
GA Pn Ky GAP A 
ie T a Shag 
a 


The resulting dianion is then protonated upon treatment with water. Notice that each protonation step is drawn 


separately. 


OH 


12.59. Two curved arrows are used to show a Grignard reagent attacking one of the ester groups. The resulting 
intermediate then ejects a leaving group, which requires two curved arrows. The resulting ketone is then further 
attacked by another equivalent of the Grignard reagent. Once again, two curved arrows are used to show the 
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nucleophilic attack. This entire process is then repeated again for the other ester group, giving two equivalents of the 


dianion. 


MgB 
gBr H 
O Q1 er] CH 
Zij Se Og aes 
O H —_»> 
— 
ari a 
O 


—H 


O 
O 
O CH 
CH3 
(@] 
O O + 
2 q © <— 
/ Mcn 4H H,c_ (So 
o0 Chs | 


The resulting dianion is then protonated upon treatment with water. 
separately. 


Notice that each protonation step is drawn 


12.60. The product has one more carbon atom than the 
starting material. This extra methyl group can be 
installed using a Grignard reaction, as shown here: 


into the product 


s ZO. 
: HADH OH 
/ ee = lan 
3 
HO CH, HO cH 


in just two steps (El elimination 


followed by catalytic hydrogenation): 


1) Bro, hv 
2) NaOMe 
3) BH3: THF 


Bro, hv 


OH 
(6) 


1) MeMgBr 
2) H20 


oS 
If we are going to use this Grignard reaction to form the 
critical carbon-carbon bond, then we must first convert 
the starting cycloalkane into the necessary ketone, AND 
we must convert the product of the Grignard reaction (a 1) BH3: THF 
tertiary alcohol) into the desired product. There are 
certainly many acceptable synthetic routes that can be 
used. One such route is shown here. The starting 
material does not have a functional group, but one can be 
introduced via radical bromination. Elimination 
followed by hydroboration-oxidation gives an alcohol 
that can be oxidized to give the ketone necessary for the 
Grignard reaction. Then, after the Grignard reaction is 
complete, the resulting tertiary alcohol can be converted 
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2) H2053, NaOH 


4) H202, NaOH 
5) Na2Cr207, 


HSO,,Ho | 
6) MeMgBr Pt 
7) H2O 
8) conc. H2SO,, 

heat 
9) Ha, Pt conc. 

H2SO4 


heat 


1) MeMgBr 
2) H20 


on Na2Cr207, N 


H2504, H2O 


12.61. Two curved arrows are used to show delivery of 
hydride to the C=O bond. Note that the tail of the first 
curved arrow is placed on the bond between Al and H (it 
is NOT placed on the negative charge). The resulting 
intermediate then ejects methoxide as a leaving group, 
which requires two curved arrows. The resulting 
compound is then further reduced by another equivalent 
of LiAIH4. Once again, two curved arrows are used to 
show hydride delivery, resulting in an intermediate that 
ejects methoxide as a leaving group, which requires two 
curved arrows, to give formaldehyde. Formaldehyde is 
then reduced one last time by a third equivalent of 
LiAIH4 (and once again, two curved arrows are 
required). The resulting alkoxide ion is then protonated 
upon treatment with water to give the product 
(methanol). 
H 
(0) 


O 
A 1) Excess LiAIH, 
= A H A H 


(0) u 2) H20 
H 
H 
| O 


e 


HATH 


ne) KOE 
woe 


a 


T 
I- 

l 

T 


7 
\ 
O 

\ 
SEE: 


o 
- MeO o H 

Z 

Y H JL 
IO © H/H 

o  H7AH 5 

J i A Meo” 

CAN ole, 


12.62. When sulfuric acid is used, the actual proton 
source is more likely to be H30*, rather than H2S01, 
because aqueous sulfuric acid contains water (even when 
concentrated), and the equilibrium favors H30* over 
H2S0;,, as shown here. 
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I f\ | TSAS 
H-O-S—O-H + ZOS 

I H H 

> d 

fi i 
H-O-s40" + o. 

I H ®© `H 

Oo 


Therefore, our mechanism will show H30* as the proton 
source. In the first step of the mechanism, one of the OH 
groups is protonated to give a good leaving group. Loss 
of the leaving group then generates a tertiary 
carbocation. In this case, the tertiary carbocation can 
rearrange to produce a more stable cation that is 
resonance-stabilized. Water then functions as a base to 
remove a proton, giving the product. Notice that the last 
step employs water as the base. You cannot show 


hydroxide functioning as a base because the 
concentration of hydroxide is negligible in acidic 
conditions. 

HO  :ÖH 


H30* 


12.63. One carbon atom is oxidized from an oxidation 
state of +1 to an oxidation state of +2, while the other 
carbon atom is reduced from an oxidation state of +1 to 
an oxidation state of 0. Overall, the starting material 
does not undergo a net change in oxidation state and is, 
therefore, neither reduced nor oxidized. 


12.64. Analysis of the starting material and the product shows that the aldehyde and alkene groups have been reduced. 
Secondly, the aldehyde is selectively reduced in the presence of the ester. Selective reduction of the aldehyde with 
NaBH;, followed by reduction of the alkene (H2, Pt), affords the desired product. Note that LiAIH4 cannot be used in 
this case, because LiA1H4 would reduce the ester group as well. 


(0) 
14 NaBH, Ho 
— 
>53 OCH3 MeOH S 
O NHBoc 
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12.65. We have seen that tetrabutylammonium fluoride (TBAF) can be used to remove silyl protecting groups. In this 
case, there are two such groups: 


We learned about the trimethylsilyl protecting group (TMS), and the protecting groups employed in this case are very 
similar (in each case, one of the methyl (R) groups has been replaced with a tert-butyl group). This protecting group is 
called the tert-butyldimethy] silyl group (TBDMS, or just TBS for short), and it is removed upon treatment with TBAF, 
in much the same way that the TMS group is removed under similar conditions. The rest of the compound is expected 
to remain unchanged. 


12.66. The following synthesis is one suggested synthetic pathway. There are certainly other acceptable approaches 


that accomplish the same goal. 
Let’s start with a few general observations: 

1. Our starting materials cannot have more than eleven carbon atoms, and the target compound has thirty 
carbon atoms, so we will need to form more than one C-C bond. 

2. The molecule is symmetric, so it makes sense to propose equivalent reactions on each side of the 
molecule. 

3. The central C=C bond has the cis configuration, which we can make via reduction of an internal alkyne 
using H2 and Lindlar’s catalyst. This, however, cannot be the final step of our proposed synthesis, 
because these conditions would also reduce the two terminal alkyne groups. Thus, the two terminal 
alkyne groups need to be installed after reduction of the central alkyne group. 


The figure below outlines a retrosynthetic analysis for our target molecule. An explanation of each of the steps (a-d) 
follows. 


p w 5 JA BM9, 7 = SU MgBr LL 
Z SAAN cen Sce > N Z + (CH2) (CH2) + 


Cc 
BR Z QB Ge Br. Z — a Br 
NAS (CHo)o 3 S=-8-(CHas O SAS CHa CH 


Bi Bi Bi Bi 
ao er i ae 
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a. Duryne can be made from the reaction between the bis-vinyl Grigard reagent (a dianion) and two equivalents 
of the aldehyde shown. 

b. The bis-vinyl Grignard is made from the bis-vinyl bromide and two equivalents of magnesium. 

The cis alkene is produced via reduction of the corresponding internal alkyne. 

d. The alkyne is made by sequentially alkylating each carbon of acetylene with E-1,11-dibromo-1-undecene. 
Note that while there are two bromines on this molecule, only the bromide attached to the sp? hybridized 
atom carbon can serve as a leaving group in an Sn? reaction. 


is) 


Now let’s draw the forward scheme. The starting material, E-1,11-dibromo-l-undecene, is treated with sodium 
acetylide to produce a terminal alkyne. Deprotonation with sodium amide, followed by treatment with a second 
equivalent of E-1,11-dibromo-1-undecene gives the internal alkyne. Reduction of the alkyne with H2 and Lindlar’s 
catalyst affords the cis alkene. Further treatment with two equivalents of magnesium yields the bis-vinyl Grignard, 
which reacts with two equivalents of the aldehyde. Aqueous workup produces the target molecule, duryne. 


NaC=CH B 1) NaNH 
Se eS ag 7 - a Br 
2) Neh O 
H 
Br = Br = Br. Z SX CBr 
NZS cH) (CHS *indas > O 
catalyst 
1) Mg (2 equiv.) 
O 
2) | (2 equiv.) 
OH 
= x 
3) H20 BA aa SANS 


12.67. The following synthesis is one suggested synthetic pathway. There are certainly other acceptable approaches 
that accomplish the same goal. 

By comparing the structures of the starting material (4-methylphenol) and the product, it is clear that the following 
bonds (indicated by wavy lines below) need to be made in this synthesis. 


wt 
Oo = 


The left bond (C-O) can be made via an Sn2 process, while the right bond (C-C) can be made by either a Grignard 
reaction or by using an acetylide ion as a nucleophile. It is important that we make the ether bond early in our scheme 
to avoid an acid/base reaction between the phenolic proton (pKa ~ 10) and the Grignard reagent or acetylide (both of 
which are strong bases). If the phenolic proton is subjected to a Grignard reagent, the latter would be destroyed via 
protonation. The same fate would occur for an acetylide ion that is treated with a compound bearing a phenolic proton. 

The following is a retrosynthetic analysis for our target compound. An explanation of each of the steps (a-e) 


b Mg 
iS BHD, HY 
— = i‘ 
HO 
Ho’ \— 


follows. 

Br 

Y 
I O 
c 

\ Br 
d 
< a \— oe wf W 


a. We can make the monosubstituted alkene by converting the OH group into a tosylate group and then 
performing an elimination reaction with a sterically hindered base. 
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b. The alcohol can be made via a Grignard reaction between the benzylic Grignard reagent and the aldehyde 


shown. 


c. The Grignard reagent is made from the corresponding benzylic bromide. 
| The bromine atom can be installed via radical bromination at the benzylic position. 
e. The methyl ether can be produced via an Sn2 reaction from the starting material. 


Now let’s draw the forward scheme. The starting material, 4-methylphenol, is deprotonated with sodium hydroxide and 
the resulting phenoxide serves as a nucleophile in an Sn2 reaction with bromomethane. The bromine atom is installed 
using N-bromosuccinimide and light. This compound is then converted into a Grignard reagent using magnesium. The 
Grignard reagent reacts with the appropriate aldehyde (CH3CHO), followed by a water workup to produce the alcohol. 
Conversion to the tosylate and subsequent reaction with tert-butoxide produces the less-substituted elimination product, 


estragole. 


1) NaOH 


2) MeBr 


wo \ 


ne 


As mentioned, the synthetic route above is not the only method for making estragole. 


= 
> O 


Br 
NBS \ @ / 
> O 
hv 


1) Mg 
2) CH3CHO 
3) H2O 

a DTO py TsCl, py 

2) t-BuOK 


Zoni 
Oo 
HO 


For example, the following 


alternative synthesis involves an acetylide ion, rather than a Grignard reaction: 


1)NaQH 
2) MeBr 


-O as- 


ne ma 


12.68. The starting material has two OH groups, one of 
which is primary, and the other is secondary. The 
secondary alcohol must be oxidized to a ketone, which 
can be achieved with a variety of reagents, but the 
primary alcohol must be oxidized to an aldehyde (and 
not a carboxylic acid). Only option (c) will achieve the 
desired transformation. 


12.69. Options (a), (b), and (c) will achieve the desired 
transformation via a Grignard reaction. 


a 


(0) 


Pa 


1) CH3MgBr 
— > 
2) H2O 


{9 e 


s 


HC=CNa 


Lindlar's cat. OY 


O 1) CH3CH2CH2MgBr 


OH 
2) H2O P 4 
A 


Option (d) is the answer, because option (d) will NOT 
achieve the desired transformation. A Grignard reagent 
will simply deprotonate the carboxylic acid, to give a 
carboxylate ion, thereby destroying the Grignard reagent. 


o o 
+ CH3MgBr = ge 
A O° MgBr 


+ CH, 


1) xs CH3MgBr 
2) H20 
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12.70. Sodium borohydride is a reducing agent that 
will reduce ketones and aldehydes, but not esters. In this 
case, the ketone group will be reduced to a secondary 
alcohol, but the ester group will not undergo reduction. 
Therefore, the correct answer is (b). 


O O OH O 


xs NaBH, Jk 
OCH3 


CH30H 
12.71. The singlet with an integration of 9 is 
characteristic of a tert-butyl group. The signals near 7 
ppm (with a total integration of 4) indicate a 
disubstituted aromatic ring. The splitting pattern of these 
signals indicates that the compound is para-disubstituted 
(because of symmetry). The signal at 5 ppm with an 
integration of 1 is likely an OH group. Our analysis 


produces the following three fragments: 


Os 


These three fragments can only be assembled in one 


way: 


12.72. The '3C NMR spectrum indicates that all three 
carbon atoms are in different environments. One of 
these signals appears between 50 and 100 ppm, 
indicating that one carbon atom is connected to an 
oxygen atom (the molecular formula indicates the 
presence of an oxygen atom). Now we turn to the 'H 
NMR spectrum. The signal at 1 ppm has an integration 
of 3, indicating a CH3 group. Since this signal is a 
triplet, the CH3 group must be adjacent to a CH2 group. 
The signal at 3.6 ppm indicates a CH2 group (integration 
= 2) that is neighboring an oxygen atom (thus it is shifted 
downfield, as expected for protons that are a to an OH 
group). The singlet at 2.4 ppm is likely an OH group, 
and the signal at 1.6 ppm results from the CH2 group that 


OCH; 


Ho-% 
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is being split by two sets of neighbors. Using all of this 
information, we can arrive at the following structure. 


Page 


12.73. In the IR spectrum, the broad signal between 
3200 and 3600 cm! indicates an OH group. The NMR 
spectrum indicates that there are only three different 
kinds of carbon atoms, yet the molecular formula 
indicates that the compound has five carbon atoms. 
Therefore, we must draw structures that possess enough 
symmetry such that there are only three unique kinds of 
carbon atoms. The following two structures are 
consistent with this analysis. 


12.74. There is a multiplet just above 7 ppm, indicating 
an aromatic ring. Since the integration of this signal is 5, 
we expect the aromatic ring to be monosubstituted. The 
two triplets (at 2.8 ppm and 3.8 ppm) indicate two CH2 
groups that are neighboring each other, and the singlet at 
2 ppm (with an integration of 1) is likely an OH group. 
Our analysis produces the following three fragments: 


These three fragments can only be assembled in one 


way: 
O~ 


Notice that the signals for the CH2 groups (the triplets) 
are shifted downfield. The signal at 3.8 ppm represents 
the CH2 group next to the oxygen atom, and the signal at 
2.8 ppm represents the CH2 group next to the aromatic 
ring. 


12.75. The following two syntheses are suggested synthetic pathways. There are certainly other acceptable approaches 


that accomplish the same goal. 


Each of the target compounds has eight carbon atoms, suggesting the following disconnections, which break each 


carbon skeleton into two four-carbon fragments. 


pe eN ~han 


The following figure outlines a retrosynthetic analysis for our first target molecule. An explanation of each of the steps 


(a-h) follows. 
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we Br i g 
i d s 
Br 
A I| h 
The target ketone is made by oxidation of the corresponding alcohol, 2-methyl-4-heptanol. 
The alcohol is produced via a Grignard reaction between the Grignard reagent and aldehyde shown. 
The Grignard reagent is made from the corresponding alkyl halide, 1-bromo-2-methylpropane. 
1-Bromo-2-methylpropane is produced via an anti-Markovnikov addition of HBr to 2-methylpropene. 
The aldehyde is made from oxidation of 1-butanol. 
1-Butanol is made from 1-butene via hydroboration/oxidation. 
1-Butene is made from 2-bromobutane using a sterically hindered base to produce the less substituted 
alkene. 


2-Bromobutane is made from HBr addition to trans-2-butene. (Note: Cis-2-butene also produces the 
same product.) 


eA RASS 


> 


Now let’s draw the forward scheme. Addition of HBr to trans-2-butene produces 2-bromobutane, which is 
subsequently treated with fert-butoxide to give 1-butene. Anti-Markovnikov addition of water (via 
hydroboration/oxidation) followed by PCC (or DMP or Swern oxidation) gives the aldehyde. Reaction with the 
Grignard reagent (produced by anti-Markovnikov addition of HBr to 2-methylpropene, then magnesium, as shown) 
gives 2-methyl-4-heptanol after water workup. Oxidation produces the target ketone. 


OH O 
HBr t-BuOK 1) BH3: THF Pce. | 


2) H202 
Br NaOH 


_ HBr Ma 
ROOR Br MgBr es 
2 


y 
(0) OH 
AAN eer Pewee 
"— 
H2504, H2O 
The following figure outlines a retrosynthetic analysis for our second target molecule. An explanation of each of the 
steps (a-e) follows. 


@) a OH b oO e made as 
=> KN => MgBr + een => described 
A y above 
li! c 


No 
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The target ketone is made by oxidation of the corresponding alcohol, 3-methyl-4-heptanol. 

The alcohol is produced via a Grignard reaction between the Grignard reagent and aldehyde shown. 

The Grignard reagent is made from the corresponding alkyl halide, 2-bromobutane. 

2-bromobutane is produced via addition of HBr to ¢rans-2-butene. (Note: Cis-2-butene also produces the 
same product.) 

e. The aldehyde is made as described in the synthesis of the first target ketone. 


Xo oe 


Now let’s draw the forward scheme. Addition of HBr to ¢rans-2-butene produces 2-bromobutane. 2-Bromobutane is 
converted to a Grignard reagent which is subsequently treated with the aldehyde (made as described above), followed 
by water workup, to produce 3-methyl-4-heptanol. Oxidation gives the target ketone. 


HBr 1)Mg NagCr207 
<< ———_ — > 
Ar ae ie >) ° ay H2504, HzO aN 
Br 


3) H2O 


12.76. 

(a) The alcohol is protonated by HBr, converting it into a good leaving group. Water leaves, producing a tertiary 
carbocation intermediate. Bromide attacks the indicated carbon atom of the cyclopropyl group, thus opening up the 
ring to produce the product. The last step of the mechanism is aided by the relief of ring strain present in the three- 
membered ring. 


ee De Net et a. ee 


(b) The following synthesis is one suggested synthetic pathway. There are certainly other acceptable approaches that 
accomplish the same goal. 

Let’s start by looking at the product and attempting to map out the destinations of the carbon atoms in each of our given 
starting materials. The product is symmetric, which suggests that the groups from the left and right halves will have 
analogous origins. Compounds A, B, and C have four, five, and six carbon atoms, respectively. Both of the four-carbon 
linear termini of the product likely originate from the two equivalents of 1-bromobutane, which also has a linear four- 
carbon chain. 


derived from A derived from A 
-———_ 


This leaves 16 carbon atoms in the central portion of the target structure (between the two wavy lines in the figure 
above). A careful analysis of this fragment (and keeping in mind the symmetry of the product) suggests that the six 
central carbon atoms are from C, while the two five-carbon units flanking this portion are derived from two equivalents 
of B. 


derived derived derived 
from B from c from B 


a 


Se etree 
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Now let’s consider the key step (described in the problem statement) and how it will fit into our synthesis. We need to 
fill in the gap between the starting materials and the key step, as well as the gap between the key step and the final 
product. 


Starting materials 5,9,12,16-tetramethyleicosane 


AX E Aa AA a 


The tertiary alcohol above can be prepared via a Grignard reaction between butyl Grignard (prepared from A) and 
ketone B. 


O 


OH 
MgBr 
Ay = aAA $ ar 


Now let’s focus on the steps following the key step. The carbon atoms in the product can be mapped on to two 
equivalents of the alkenyl bromide and one equivalent of the diketone as shown in the figure below. 


a a 
Jo \ 
eee si en a ae 


O 


This suggests the following retrosynthetic approach. 


j L aaen 
were > aa = RRO 


a. The product can be prepared in two steps from the diol: acid-catalyzed elimination followed by 
hydrogenation of the resulting diene. 
The two double bonds can be removed via hydrogenation. 

c. A double Grignard reaction of two equivalents of the Grignard reagent and one equivalent of the diketone 
allows for the formation of the indicated bonds. 


Now, let’s draw out the forward scheme. 1-Bromobutane (A) is treated with magnesium to give a Grignard reagent, and 
subsequently reacted with ketone B. Aqueous workup produces the tertiary alcohol. Reaction with HBr drives the ring- 
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opening reaction to give the alkenyl bromide. Conversion to the Grignard (Mg), followed by addition of diketone C 
(2:1 ratio) and a water workup, yields the dialkenyl diol, which is converted to the diol via hydrogenation. Acid- 
catalyzed elimination followed by hydrogenation affords the product, 5,9,12,16-tetramethyleicosane. 


H2 eo HO 
Ww 
Pt ae 
OH 
HO 


OH 


1) H2504 
2) H2 / Pt 


12.77. 
(a) TBAF removes the silyl protecting group to give compound 3, which then undergoes selective tosylation of the 
primary hydroxyl group (as mentioned in the problem statement) to give compound 4: 


TBAF TsCl 


pyridine 


www.MyEbookNiche.eCrater.com 


440 CHAPTER 12 


(b) Methoxide functions as a base and deprotonates the tertiary hydroxyl group. The resulting alkoxide functions as a 
nucleophile and attacks the primary tosylate in an intramolecular, Sn2-type process. Locants have been assigned to 
help redraw the alkoxide ion. 


Note that these locants do not necessarily adhere to IUPAC guidelines for assigning locants, but rather, they are simply 
tools that are used to verify that the alkoxide ion has been drawn correctly (it enables you to compare the configurations 
in each drawing, and prove to yourself that these drawings are the same). The use of locants can be especially helpful 
in situations like this. 


(c) The syn relationship places the negatively charged oxygen atom in close proximity with the carbon atom bearing 
the tosylate group, thereby enabling an intramolecular attack. The syn relationship is necessary in order for the reaction 
to occur. The following structure lacks the syn relationship, so the reactive centers are too far apart for an 
intramolecular reaction to occur: 


Too far apart 
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Chapter 13 
Ethers and Epoxides; Thiols and Sulfides 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 13. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 


Vocabulary. 
e Ethers are often used as for organic reactions. 
e Cyclic polyethers, or ethers, are capable of solvating metal ions in organic 


(nonpolar) solvents. 
Ethers can be readily prepared from the reaction between an alkoxide ion and an 
, a process called a Williamson ether synthesis. This process works 


best for or alkyl halides. alkyl halides are 
significantly less efficient, and alkyl halides cannot be used. 

When treated with a strong acid, an ether will undergo acidic in which it is 
converted into two alkyl halides. 

When a phenyl ether is cleaved under acidic conditions, the products are and an 
alkyl halide. 


Ethers undergo autooxidation in the presence of atmospheric oxygen to form 


Substituted oxiranes are also called 
can be converted into epoxides by treatment with peroxy acids or via halohydrin 

formation and subsequent epoxidation. 

catalysts can be used to achieve the enantioselective epoxidation of allylic 
alcohols. 
Epoxides will undergo ring-opening reactions in: 1) conditions involving a strong nucleophile, 
or under 2) -catalyzed conditions. When a strong nucleophile is used, the nucleophile 
attacks at the -substituted position. 
Sulfur analogs of alcohols contain an SH group rather than an OH group, and are called 


Thiols can be prepared via an Sy2 reaction between sodium hydrosulfide (NaSH) and a suitable 


The sulfur analogs of ethers (thioethers) are called 
Sulfides can be prepared from thiols in a process that is essentially the sulfur analog of the 
Williamson ether synthesis, involving a ion, rather than an alkoxide. 


Review of Skills 


Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 
the end of Chapter 13. The answers appear in the section entitled Skil/Builder Review. 


13.1 Naming an Ether 


PROVIDE A SYSTEMATIC NAME FOR THE FOLLOWING COMPOUND 


O 1) IDENTIFY THE PARENT 
O \— 2) IDENTIFY AND NAME SUBSTITUENTS a | 
Cl 3) ASSIGN LOCANTS TO EACH SUBSTITUENT 
Cl 4) ALPHABETIZE 
5) ASSIGN CONFIGURATION 
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13.2 Preparing an Ether via a Williamson Ether Synthesis 


IDENTIFY REAGENTS THAT CAN BE USED TO ACHIEVE THE FOLLOWING TRANSFORMATION: 
or 7 or 


13.3 Preparing Epoxides 


IDENTIFY REAGENTS THAT CAN BE USED TO ACHIEVE THE FOLLOWING TRANSFORMATION: 


i O 


P Me"/— \'"Et 
A 
TD 


Me Et 


13.4 Drawing the Mechanism and Predicting the Product of the Reaction between a Strong 
Nucleophile and an Epoxide 


COMPLETE THE MECHANISM BELOW BY DRAWING ALL CURVED ARROWS, INTERMEDIATES AND PRODUCTS. 


H2O 


13.5 Drawing the Mechanism and Predicting the Product of Acid-Catalyzed Ring-Opening 


COMPLETE THE MECHANISM BELOW BY DRAWING ALL CURVED ARROWS, INTERMEDIATES AND PRODUCTS. 


H—00® 


‘O° \ oe oe 
H EtOH EtOH 
ew Ņ\ et a 
Me H 


13.6 Installing Two Adjacent Functional Groups 


IDENTIFY WHETHER EACH RING-OPENING REACTION BELOW REQUIRES ACIDIC CONDITIONS OR BASIC CONDITIONS: 


(C J CONDITIONS me 


ai R 
R RCO3H Q R X 
= g R (Icomos 
R R == R OH 
a, / 
x 
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13.7 Choosing the Appropriate Grignard Reaction 


IDENTIFY REAGENTS THAT CAN BE USED TO ACHIEVE EACH OF THE FOLLOWING TRANSFORMATIONS: 
1) 1) OH 
V j E 
R-Br > R R—Br > oe 
~ ~~™~oH — R 
2) 2) 
_— — —— — 
3) 3) 


Review of Reactions 

Identify the reagents necessary to achieve each of the following transformations. To verify that your 
answers are correct, look in your textbook at the end of Chapter 13. The answers appear in the section 
entitled Review of Reactions. 


Preparation of Ethers 


R—OH = R—O—R 
R H RO H 
= i R œH 
R R R R 


Reactions of Ethers 


R—0-R mS 2 R-X + H20 


+ R—X 


OOH 


Preparation of Epoxides 


cis cis 


o 
á faa OH 
R7 SoH 
se o 
a OH 
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Ring-Opening Reactions of Epoxides 


Strong Nucleophile 


O 


Acid-Catalyzed 


Y 


OH OH pn A 
Paa NC i HS R 


| 
Vevey 


x OH 
Thiols and Sulfides 
Thiols 
Br SH 
— > A 
Ri~ Re R ORS 
2 RSH R—S—S—R 
Sulfides 
R-SH —— > R-S-R 
Me 
© 
S — > S + X 
RSR RƏR 
T a 
S = S —> R—S—R 
R~ ~R R~ OR ni 
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Common Mistakes to Avoid 


We have seen that epoxides will react with a wide variety of nucleophiles (causing ring-opening 
reactions), either under acidic conditions or under basic conditions. If the attacking nucleophile is itself a 
strong base, such as a Grignard reagent, then acidic conditions cannot be used. That is, the following 
transformation is not possible to achieve, so avoid trying to do something like this: 


i RMgBr 


a AO i: 


R 


This doesn’t work because Grignard reagents are not only strong nucleophiles, but they are also strong 
bases. And strong bases are incompatible with acidic conditions. If a Grignard reagent is subjected to a 
source of acid (even a relatively weak acid, such as H20), the Grignard reagent is irreversibly protonated to 
give an alkane, for example: 


H OS H 
| © H\4°H l 
H—C: MgBr HCR + HOMgBr 


H H 


(MeMgBr) Methane 


In summary, never use a Grignard reagent in the presence of an acid. The same rule applies to the use of 
LiAIH, (lithium aluminum hydride), which is both a strong nucleophile and a strong base. Therefore, much 
like a Grignard reagent, LiAIH, also cannot be used to open an epoxide under acidic conditions: 


Ev 


At KEL 


Once again, this doesn’t work because LiAIH;3 is incompatible with acidic conditions. Avoid making this 
mistake. 
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Useful reagents 


The following is a list of commonly encountered reagents for reactions involving ethers, epoxides, thiols, 


and sulfides: 


Reagents Description 
An alkyl halide. Used for the alkylation of alcohols or thiols. First, the 
RX alcohol or thiol is deprotonated with a base, such as NaH or NaOH, and the 


resulting anion is then treated with the alkyl halide, thereby installing an alkyl 
group. 


1) Hg(OAc)2, ROH 


These reagents will achieve alkoxymercuration-demercuration of an alkene. 


2) NaBH, This process adds H and OR in a Markovnikov fashion across the alkene. 
Will convert dialkyl ethers into alkyl halides via cleavage of the C—O bonds. 

HX Will also react with an epoxide, thereby opening the ring, and installing a 
halogen at the more substituted position. 

MCPBA meta-Chloro-peroxybenzoic acid. An oxidizing agent that will convert an 
alkene into an epoxide. 

RCO:H A peroxy acid. An oxidizing agent that will convert an alkene into an epoxide. 

À MCPBA is an example of a peroxy acid. 

1) Br2, H20 $ f . f 

ae Alternative reagents for converting an alkene into an epoxide. 

(CH3)3COOH, 

Ti[OCH(CHs3)2]4. Reagents for enantioselective (Sharpless) epoxidation 

(+)-DET or (—)-DET 
An alkoxide ion is both a strong nucleophile and a strong base. It can be used 

NaOR (or RONa) to open an epoxide under basic conditions (the alkoxide ion attacks the less 
substituted position). 

NaCN A good nucleophile that will react with an epoxide in a ring-opening reaction. 

NaSH A very strong nucleophile that will react with an epoxide in a ring-opening 
reaction. NaSH can also be used to prepare thiols from alkyl halides. 
A Grignard reagent. A strong base and a strong nucleophile. Will react with 
an epoxide in a ring-opening reaction, to attack the less substituted side (it is 

RMgBr not possible to use acidic conditions and have the Grignard reagent attack the 
more substituted side — see the previous section on common mistakes to 
avoid). 
Lithium aluminum hydride is a source of nucleophilic hydride ions. It will 
react with an epoxide in a ring-opening reaction, to attack the less substituted 

LiAlH4 side (it is not possible to use acidic conditions and have a hydride ion attack 
the more substituted side — see the previous section on common mistakes to 
avoid). 

5 Aqueous acidic conditions. Under these conditions, an epoxide is opened to 

[H], H20 f . 
give a diol. 

[H*], ROH Under these conditions, an epoxide is opened, with a molecule of the alcohol 


attacking a protonated epoxide at the more substituted position. 


NaOH/H20, Brz 


Reagents for converting thiols into disulfides. 


HCI, Zn Reagents for converting thiols into disulfides. 

H-O Strong oxidizing agent, used to oxidize sulfides to sulfoxides, and then further 
ne to sulfones. 

NalO4 Oxidizing agent, used to oxidize sulfides to sulfoxides. 
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Solutions 


13.1. 

(a) The oxygen atom has two groups attached to it. 
One group has two carbon atoms and the other group has 
three carbon atoms. The parent is named after the larger 
group, so the parent is propane. The smaller group 
(together with the oxygen atom) is treated as an ethoxy 
substituent, and a locant is included to identify the 
location (C2) of the substituent on the parent chain. 


Ack 


2-Ethoxypropane 


(b) The oxygen atom has two groups attached to it. One 
group has three carbon atoms and the other group has 
two carbon atoms. The parent is named after the larger 
group, so the parent is propane. The smaller group 
(together with the oxygen atom) is treated as an ethoxy 
substituent, and a locant is included to identify the 
location (C1) of the substituent on the parent chain. The 
parent chain also has a chloro substituent, located at C2 
of the parent. That position is a chiral center, so a 
stereodescriptor is required to identify the configuration 
(S). When assembling the name, the substituents are 
arranged alphabetically (chloro precedes ethoxy). 


_ o> 


Cl 
(S)-2-Chloro-1-ethoxypropane 


(c) The oxygen atom has two groups attached to it. The 
parent is named after the larger group, so the parent is 
benzene. The smaller group (together with the oxygen 
atom) is treated as an ethoxy substituent, and a locant 
(C1) is included to identify the location of the substituent 
on the parent chain. The parent chain also has two 
chloro substituents, located at C2 and C4 of the parent. 
The parent is numbered to give the substituents the 
lowest possible numbers (1,2,4 instead of 1,3,4). When 
assembling the name, the substituents are arranged 
alphabetically (chloro precedes ethoxy). 


2,4-Dichloro-1-ethoxybenzene 


(d) The parent is cyclohexanol, and the ethoxy group is 
listed as a substituent. A locant (C2) is included to 
indicate the location of the ethoxy group on the 
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cyclohexanol parent, and stereodescriptors are included 
to indicate the configuration of each chiral center: 


OH 
Okt 


(1R,2R)-2-Ethoxycyclohexanol 


(e) The parent is cyclohexene, and the ethoxy group is 
listed as a substituent. A locant (C1) is included to 
indicate the location of the ethoxy group on the 
cyclohexene parent: 


Aa 
1-Ethoxycyclohexene 


13.2. 

(a) The parent (cyclobutane) is a four-membered ring, 
and there is an ethoxy group connected to the ring 
(which is defined as position C2 of the ring). This 
position is a chiral center, and it has the R configuration. 
There are two methyl groups, both located at C1. 


OEt 


(R)-2-Ethoxy-1,1-dimethylcyclobutane 


(b) This name has the format of a common name. It is 
an ether in which the oxygen atom is connected to a 
cyclopropyl group (a three-membered ring) and an 
isopropyl group (a three-membered chain, connected at 
the middle carbon atom). 


ba 
Cyclopropyl isopropyl ether 


13.3. Recall that the general structure of an ether is 
R-O-R' where R and R'represent alkyl, aryl, or vinyl 

groups. For an ether with the molecular formula 
CsH120, both groups must be alkyl groups. Further, if R 
has one carbon atom, then R’must have four carbon 
atoms; and if R has two carbon atoms, then Rmust have 
three carbon atoms. These are the only options. Let’s 
first consider the possibilities when R has one carbon 
atom and R’has four carbon atoms. There is only one 
way to have a one-carbon substituent (CH3), but there are 
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four ways to assemble a four-carbon substituent. These 
options result in four possible ethers, shown below, 
along with their common and systematic names. 


Butyl methyl ether 
(common name) 


ol = mack 


1-Methoxy- 
2-methylpropane 
(systematic name) 


1-Methoxybutane 
(systematic name) 


Isobutyl methyl ether 
(common name) 


2-Methoxybutane 
(systematic name) 


sec-Butyl methyl ether 
(common name) 


! {3 
x9 = ! N 


tert-Butyl methyl ether 2-Methoxy- 
(common name) 2-methylpropane 
(systematic name) 


The common names of the four butyl groups were 
discussed in Section 4.2. The systematic name of each 
compound uses the longest continuous carbon chain as 
the parent and treats the methoxy group as a substituent 
in all four cases. 

Now let’s consider the possibilities when R has two 
carbon atoms and R’has three carbon atoms. There is 
only one way to have a two-carbon substituent, but there 
are two ways to assemble a three-carbon substituent 
(propyl or isopropyl). These options result in two 
possible ethers, shown below, along with their common 
and systematic names. The common names of the two 
propyl groups were discussed in Section 4.2. Each 
systematic name uses the longest continuous carbon 
chain as the parent (propane) and treats the ethoxy group 
as a substituent. 


eww 


1-Ethoxypropane 
(systematic name) 


Ethyl propyl ether 
(common name) 


Aros 


Ethyl isopropyl ether 
(common name) 


: 
= 


assasonar 


2-Ethoxypropane 
(systematic name) 


13.4. 
(a) The cation is potassium, so we must use 18-crown-6, 


which solvates potassium ions. 
KF 

- penzen a 

crowns 


(b) The cation is sodium, so we must use 15-crown-5, 
which solvates sodium ions. 


NaF 
__ penzene 
oy eer 5 


(c) The cation is lithium, so we must use 12-crown-4, 


which solvates lithium ions. 


(d) The cation is potassium, so we must use 18-crown-6, 


which solvates potassium ions. 
on 
(a) A Williamson ether synthesis will be more efficient 


13.5. 

with a less sterically hindered substrate, since the process 
involves an Sn2 reaction. Therefore, in this case, it is 
better to start with a secondary alcohol and a primary 
alkyl halide, rather than a primary alcohol and a 


secondary alkyl halide: 
o 
DNH 
O 


(b) In this case, it is better to start with a secondary 
alcohol and a primary alkyl halide, rather than a primary 


alcohol and a secondary alkyl halide: 
ea 


benzene 


ne ae 2-crown-4 


KM nOg 
__benzene_ 


“abacus” 8-crown-6 


1) NaH 


— > 
pe 2) 


www.MyEbookNiche.eCrater.com 


(c) In this case, it is better to start with a tertiary alcohol 
and a methyl halide, rather than methanol and a tertiary 
alkyl halide: 


OH 1 ) NaH OMe 
— 
2) Mel 


(d) In order to perform an intramolecular Williamson 
ether synthesis, we must choose a starting compound that 
contains both an OH group and a halogen, as shown 
here: 


ci. HO o 


The OH group is deprotonated upon treatment with NaH 
(a strong base). The resulting alkoxide ion can then 
function as a nucleophile in an intramolecular, Sn2-type 
reaction, expelling chloride as a leaving group, and 
giving a six-membered ring. 

The alternative starting compound, shown below, cannot 
be used, because the leaving group is attached to a 
tertiary position, so an Sn2-type process cannot occur at 


that location. 


tertiary 


HO Cl 


13.6. We begin by classifying the carbon atoms on 
either side of the oxygen atom. One is secondary and the 
other is primary: 


A Williamson ether synthesis will be more efficient with 
a less sterically hindered substrate. Therefore, a primary 
halide and a secondary alcohol should be used, rather 
than a secondary halide and a primary alcohol: 


OH x 
PMBO i 
r? 
zed S 


The following reagents can be used to make the ether 
group of compound 1: 
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13.7. 


(a) The transformation involves the 


desired 
Markovnikov addition of H and OEt across the n bond. 
This can be accomplished via alkoxymercuration- 


demercuration, where EtOH is 
oxymercuration process. 


(b) The desired transformation involves the 
Markovnikov addition of H and OR across the 2 bond. 
This can be accomplished via alkoxymercuration- 
demercuration, where ROH (cyclobutanol) is used in the 
first step of the process. 


used during the 


1) Hg(OAc)2, EtOH 
a 
2) NaBH, 


HO 


1) ae ial O 
Ca 
2) NaBH, a 
13.8. Cyclopentene can be converted to cyclopentanol 
via acid-catalyzed hydration (upon treatment with dilute 
aqueous H2SOa). Cyclopentanol can then be used for the 


alkoxymercuration of cyclopentene, giving the desired 
product. 


dilute H2SO4 OH 


A 1) Hg(OAc)p, 
> O 
2) NaBH, 


13.9. Propene can be converted to 1-propanol via an 
anti-Markovnikov addition of H and OH across the n 
bond, which can be achieved with hydroboration- 
oxidation. This alcohol can then be used for the 
alkoxymercuration of propene, giving the desired 
product. 


1) BH3: THF 


/2)H307,NaOH \Ņ 


Bom 
1) Hg(OAc)s, HO 
AN NaBH, g 


o NxN 


13.10. 


(a) The oxygen atom is connected to two carbon atoms, 
each of which is sp? hybridized. As such, treatment with 
HBr is expected to cleave each of the C-O bonds and 
replace them with C-Br bonds. Because the starting 
ether is symmetrical, the resulting two alkyl bromides 
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are identical. Therefore, two equivalents of this alkyl 
bromide are expected. 


HBr 
O TE: Br + HO 


(b) The oxygen atom is connected to two carbon atoms, 
each of which is sp? hybridized. As such, treatment with 
HI is expected to cleave each of the C—O bonds and 
replace them with C-I bonds, giving the following 
diiodide. 


HI = eee + H2O 


(c) The oxygen atom is connected to two carbon atoms. 
One of these carbon atoms (left) is sp? hybridized, while 
the other (right) is sp? hybridized. As such, treatment 
with HBr is expected to cleave only the C—O bond 
involving the sp? hybridized carbon atom. The other 
C-O bond is not cleaved. This gives phenol and ethyl 
bromide as products. 


ove 
——+ 


(d) The oxygen atom is connected to two carbon atoms. 
One of these carbon atoms (left) is sp? hybridized, while 
the other (right) is sp? hybridized. As such, treatment 
with HI is expected to cleave only the C—O bond 
involving the sp? hybridized carbon atom. The other 
C-O bond is not cleaved, giving the following product. 


O OH 
DO = DOS 
— > 
I 
(e) The oxygen atom is connected to two carbon atoms, 
each of which is sp? hybridized. As such, treatment with 
HI is expected to cleave each of the C—O bonds and 
replace them with C-I bonds. One of these carbon 
atoms is a chiral center. Since this position is tertiary, 


cleavage will occur via an Snl process, so we expect 
racemization. 


(racemic mixture) 


(f) The oxygen atom is connected to two carbon atoms, 
each of which is sp? hybridized. As such, treatment with 
HBr is expected to cleave each of the C—O bonds and 


replace them with C-Br bonds, giving cyclohexyl 
bromide and ethyl bromide as products. 


Cy HBr on 
—_> + Br 


13.11. 

(a) There are two methods for naming epoxides. In one 
method, the parent will be propane, and the oxygen atom 
is considered to be an epoxy substituent connected to the 
parent at Cl and C2. In addition, there is a methyl 
substituent at C2. 


i 2. SS substituent 
substituent =, A 


2-Methyl-1,2-epoxypropane 


According to the second method for naming epoxides, 
the parent is considered to be the oxirane ring, which has 
two methyl groups attached to it, both located at the 2 
position. 

1 

O 


3 
aN 
<= ‘substituents 


2,2-Dimethyloxirane 


(b) There are two methods for naming epoxides. In one 
method, the parent will be ethane, and the oxygen atom 
is considered to be an epoxy substituent connected to the 
parent at Cl and C2. In addition, there are two phenyl 


substituents at Cl. 
ia 
1 


Ph Ph 
1,1-Diphenyl-1,2-epoxyethane 


According to the second method for naming epoxides, 
the parent is considered to be the oxirane ring, which has 
two phenyl groups attached to it, both located at the 2 


position. 
DYA 1 


Ph? 2 Ph 
2,2-Diphenyloxirane 


(c) There are two methods for naming epoxides, 
although one of these methods will be less helpful 
because the two substituents (connected to the oxirane 
ring) are actually closed in a ring. This makes it difficult 
to name the compound as an oxirane. According to the 
first method for naming ethers, the parent is 
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cyclohexane, and the oxygen atom is considered to be an 
epoxy substituent connected to the parent at C1 and C2. 


O 
1,2-Epoxycyclohexane 


13.12. 

(a) There are two methods for naming epoxides. In one 
method, the parent will be propane, and the oxygen atom 
is considered to be an epoxy substituent connected to the 
parent at Cl and C2. In addition, there is a phenyl 
substituent at C2, and the configuration of the chiral 
center is indicated. 


Me 
3 
(R)-2-Phenyl-1,2-epoxypropane 


According to the second method for naming epoxides, 
the parent is considered to be the oxirane ring. The 
methyl group and the phenyl group are both considered 
to be substituents, and their locations are identified with 
locants. Finally, the configuration of the chiral center is 
indicated (at the beginning of the name). 


(R)-2-Methyl-2-phenyloxirane 


In this case, the chiral center has the R configuration, as 
a result of the following prioritization scheme. 


chiral 
center 


(b) There are two methods for naming epoxides. In one 
method, the parent will be heptane, and the oxygen atom 
is considered to be an epoxy substituent connected to the 
parent at C3 and C4. The configuration of each chiral 
center is indicated. 


O 


P 1 
2 


7 5 


(3R, 4R)-3,4-Epoxyheptane 


According to the second method for naming epoxides, 
the parent is considered to be the oxirane ring, which is 
connected to two substituents (a propyl group and an 
ethyl group). Their locations are identified with locants, 
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and the configuration of each chiral center is indicated 
(at the beginning of the name). 

1 

O 


(2R,3R}-3-Ethyl-2-propyloxirane 


(c) There are two methods for naming epoxides. In one 
method, the parent will be pentane, and the oxygen atom 
is considered to be an epoxy substituent connected to the 
parent at C2 and C3. There is also a methyl substituent 
located at C4. The configuration of each chiral center is 
indicated. 


(2R,3S)-4-Methyl-2,3-epoxypentane 


According to the second method for naming epoxides, 
the parent is considered to be the oxirane ring, which is 
connected to two substituents (a methyl group and an 
isopropyl group). Their locations are identified with 
locants, and the configuration of each chiral center is 
indicated (at the beginning of the name). 


1 


(2S, 3R)-2-lsopropyl-3-methyloxirane 


13.13. 

(a) We begin by identifying the four groups attached to 
the epoxide ring. On the left, there is a methyl group and 
a phenyl group. On the right, there is a phenyl group and 
a hydrogen atom. Notice that the two phenyl groups are 
trans to each other: 


Metny 


These two groups must be trans to each other in the 
starting alkene. 


(b) We begin by identifying the four groups attached to 
the epoxide ring. On the left, there is a cyclohexyl group 
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and a hydrogen atom. On the right, there is a methyl 
group and a hydrogen atom. Notice that the two 
hydrogen atoms are trans to each other. 


O 
Want H 
H Me 


These two hydrogen atoms must be trans to each other in 
the starting alkene. 


(c) The starting alkene must have the E configuration in 
order to obtain the desired epoxide, as shown. 


O 


O RCO3H Hs, 
POS fye 
X Me 


+ En 


(d) The starting alkene must have the E configuration in 
order to obtain the desired epoxide, as shown. 


O O 


“fA H RCO3H 
H Me = 


+ En 


RCO3H 
cae Le 
ZA 


13.14. Compounds 1 and 3 have the same carbon skeleton. Only the identity of a functional group has changed. The 
epoxide product is cis-disubstituted, so we can deduce that the carbon-carbon double bond of alkene 2 must also be cis- 
disubstituted (because the epoxidation process is stereospecific). 


f0] HO C7H15 
HO /\ C7H5 —— 
AS rA 
H H H 


H 


cis cis 


The carbon-carbon double bond of the alkene can be made via reduction of the alkyne. 


HO C7H5 HO 
=a —! =, 


H H 


cis 


Now let’s draw the forward process. Conversion of alkyne 1 to alkene 2 requires the use of H2 and a poisoned catalyst 
to generate the cis-disubstituted alkene. In this particular case, the investigators used Ni2B (also called the P-2 
catalyst), but Lindlar’s catalyst would also be acceptable. Conversion of alkene 2 into epoxide 3 can be accomplished 
using a peroxy acid, such as MCPBA, and results in a racemic mixture of epoxide 3, because the epoxidation reaction 
can occur on either face (top or bottom) of the C=C bond. 


HO 1) H2, Ni2B HO, Q C-H 
\ 2 NI2 75 
= eS a sen 
C7H15 H H 


MCPBA 
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13.15. 

(a) The allylic hydroxyl group appears in the upper right 
corner, so a Sharpless epoxidation with (+)-DET will 
generate an epoxide ring above the plane of the 7 bond, 
giving the following enantiomer. 


H 
0-0-4 
— > 


TITOCH(CH3)al4 
(+}-DET 


OH 


(b) We begin by redrawing the compound so that the 
allylic hydroxyl group appears in the upper right comer. 
A Sharpless epoxidation with (—)-DET will generate an 
epoxide ring below the plane of the mz bond, giving the 


following enantiomer. 
OH 
0-0-4 
Ti[OCH(CH3)2]4 
(-)-DET 
OH 
o 


(c) We begin by redrawing the compound so that the 
allylic hydroxyl group appears in the upper right corner. 
A Sharpless epoxidation with (+)-DET will generate an 
epoxide ring above the plane of the n bond, giving the 
following enantiomer. 


Qh _)-0-0-H 
E Hd TiI[OCH(CH3)2]4 
HO (+)}-DET 
OH 
So 


(d) We begin by redrawing the compound so that the 
allylic hydroxyl group appears in the upper right corner. 
A Sharpless epoxidation with (—)-DET will generate an 
epoxide ring below the plane of the mz bond, giving the 


following enantiomer. 
J D0 O-H 
<- Ea 


Ea 


OH 


OH 
luo 
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13.16. 

(a) The Grignard reagent (PhMgBr) is a strong 
nucleophile, and it attacks the epoxide at the less 
substituted position. The epoxide is opened, resulting in 
an alkoxide ion. This alkoxide is then protonated upon 
treatment with water. 


OH 
Z9 1) PhMgBr OX 
ZAS 2) H2O 
a ) He Me 
© 
a MgBr lq 


(b) Cyanide (NC) is a good nucleophile, and it attacks 
the epoxide at the less substituted position. This opens 
the epoxide, resulting in an alkoxide ion, which is then 
protonated upon treatment with water. 


oe a e Oe 
g2 7 cee 


| 
N e yr P 
Me 
(c) MeS is a very strong nucleophile, and it attacks the 
epoxide at the less substituted position. This opens the 


epoxide, resulting in an alkoxide ion, which is then 
protonated upon treatment with water. 


age) 1) NaSMe 
2) H2O 


(d) LiAIH, is a source of nucleophilic hydride (H`), and 
it attacks the epoxide at the less substituted position. 
This opens the epoxide, resulting in an alkoxide ion, 
which is then protonated upon treatment with water. 


OH 
> bi 
Me 
ol, 
H fe NH 
H—AI—H 


fal si 

O O: 

H a = ne 
Me 


zO 1) LiAIH, 
2) H2O 
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(e) EtO™ is a strong nucleophile, and it attacks the 
epoxide at the less substituted position. That position is 
not a chiral center. The other chiral center does not 
participate in the reaction and therefore does not 
experience an inversion of configuration. The resulting 
alkoxide ion is then protonated upon treatment with 
water. 


o HO 
D 1) NaOEt 
Ph“ 2) H2O Ph“ 
Et Et OEt 


Et OEt 


(f) LiAIHz is a source of nucleophilic hydride (H), and it 
attacks the epoxide at the less substituted position. That 
position is a chiral center, so we expect an inversion of 
configuration at that center. The resulting alkoxide ion is 
then protonated upon treatment with water. 


Ox OH 
prof yin eee Ph 
el fme 2) H,O 
' | 
H—AI-H Ho H 
© H, WH Za Me 
H O Ph“ 
2g; H P Et H 
ZaMe 
Phy 
Et H Ph = x) 


13.17. The reagent, lithium acetylide, has a C—Li bond. 
Since carbon is more electronegative than lithium, there 
is a partial negative (6—) charge on the carbon atom. The 
difference in electronegativity is significant (carbon = 
2.5 and lithium = 1.0), so the bond is sufficiently polar 
that it can be treated as ionic: 


ôt O- 
Li—=_._ canbe treated as Bed È: 


With negative character on the carbon atom, lithium 
acetylide is a strong nucleophile that will attack the less 
substituted side of the epoxide (highlighted below). The 
less substituted side of the epoxide is not a chiral center, 
so even though the mechanism proceeds with back-side 
attack, there will not be an observable inversion of 
configuration at that location. The more substituted side 
will retain its original configuration since there are no 
bonds being made or broken at that position. 

0O 

:0: 


=y 


Re e = 


MN, 


N 


The resulting alkoxide ion is then protonated upon 
treatment with water, to give the following alcohol 
(compound 2): 


N 


Compound 2 
Cs5HgO 


13.18. 

(a) Under acidic conditions, the epoxide is protonated, 
thereby generating a very powerful electrophile (a 
protonated epoxide). Since the starting epoxide is 
symmetrical, regiochemistry is not a concern in this case. 
That is, the nucleophile can attack the epoxide at either 
position, giving the same product either way. 
Stereochemistry is also not an issue in this case, because 
the product does not contain any chiral centers. 


“O° HCI HO 


(b) Under acidic conditions, the epoxide is protonated, 
thereby generating a very powerful electrophile (a 
protonated epoxide). To determine where the 
nucleophile (bromide) attacks, we must decide whether 
steric or electronic effects dominate. In this case, one 
position (left) is primary and the other position (right) is 
secondary. Under these conditions, steric effects will 
dominate, and the attack is expected to occur at the less 
substituted position. The position being attacked is not a 
chiral center. There is an existing chiral center, but that 
center is not attacked, so we do not expect the 
configuration of that chiral center to change. 


(c) Under acidic conditions, the epoxide is protonated, 
thereby generating a very powerful electrophile (a 
protonated epoxide). Ethanol (EtOH) is a weak 
nucleophile, and we must decide which position will be 
attacked. In this case, one position (left) is tertiary, and 
the other position (right) is secondary. When the 
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competition is between a secondary position and a 
tertiary position, electronic factors dominate and the 
tertiary position is attacked. Back-side attack causes 
inversion of configuration at the chiral center being 
attacked. Finally, a proton is removed (the most likely 
base is the solvent, ethanol). 


(d) Under acidic conditions, the epoxide is protonated, 
thereby generating a very powerful electrophile (a 
protonated epoxide). Water (H20) is a weak 
nucleophile, and we must decide which position will be 
attacked. In this case, one position (left) is tertiary, and 
the other position (right) is secondary. When the 
competition is between a secondary position and a 
tertiary position, electronic factors dominate and the 
tertiary position is attacked. Back-side attack causes 
inversion of configuration at the chiral center being 
attacked. Finally, a proton is removed (the most likely 
base is the solvent, water). 


“O° 
AL \.,, [H2504] 
Me™ "H H2O 
Et Me H 
Se 
|e 
H 
e2 


(e) Under acidic conditions, the epoxide is protonated, 
thereby generating a very powerful electrophile (a 
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protonated epoxide). Methanol (CH;OH) is a weak 
nucleophile, and we must decide which position will be 
attacked. In this case, one position (left) is tertiary, and 
the other position (right) is secondary. When the 
competition is between a secondary position and a 
tertiary position, electronic factors dominate and the 
tertiary position is attacked. Back-side attack causes 
inversion of configuration at the chiral center being 
attacked. Finally, a proton is removed (the most likely 
base is the solvent, methanol). 


“O° 
unt [H2504] OH 
Me MeOH "H 
p” MeO Me 
H—O® . 
“EN MeOH 
Me E 
i 
© 
Zg OH 
n — “H 
MeOH — 


(£) Under acidic conditions, the epoxide is protonated, 
thereby generating a very powerful electrophile (a 
protonated epoxide). Bromide is a nucleophile, and we 
must decide which position will be attacked. In this 
case, one position (left) is tertiary, and the other position 
(right) is secondary. When the competition is between a 
secondary position and a tertiary position, electronic 
factors dominate and the tertiary position is attacked. 
Back-side attack causes inversion of configuration at the 
chiral center being attacked. 
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13.19. 


(a) In this acid-catalyzed reaction, we expect the nucleophile (H20) to attack the more substituted (tertiary) position of 
the protonated epoxide. The Sn2 backside attack would result in inversion of stereochemistry, but this is not a chiral 
center so no stereochemistry needs to be shown at the position where the Sn2 attack occurred. The existing chiral 
center of the epoxide retains its configuration in the diol product. 


Proton transfer 


configuration 
is retained here 


not a chiral center —&—) OH 


Proton transfer 


(b) The regiochemical outcome of the ring-opening reaction is determined at the Sn2 step of the mechanism, so let’s 
look closely at that step. Since the nucleophile (water) attacks the more substituted position in this acid-catalyzed 
reaction, the labeled oxygen of the epoxide remains attached to the less-substituted position, as shown here: 


13.20. 
(a) The desired thiol can be prepared by treating an 
appropriate alkyl halide (shown below) with sodium 


hydrosulfide (NaSH). 
Crs = Os 


(b) The desired thiol can be prepared by treating an 
appropriate alkyl halide (shown below) with sodium 


hydrosulfide (NaSH). 


(c) The desired thiol can be prepared by treating an 
appropriate alkyl halide (shown) with sodium 
hydrosulfide (NaSH). Notice that inversion of 
configuration is expected, so the starting alkyl halide 


NaSH 


NaSH 


must have a different configuration than the desired 
product. 


"0O 
= 
a 
I 


NaSH 


13.21. 

(a) Treating a thiol with sodium hydroxide results in 

deprotonation of the thiol to give a thiolate ion. This 

thiolate ion is a very strong nucleophile, and it will 

attack a primary alkyl halide to give an Sn2 reaction. 
1) NaOH 


The product is a sulfide. 
SH S 
Cy 2) ey Cy 


(b) A secondary alkyl bromide will serve as a substrate 
(electrophile) in an Sn2 reaction, upon treatment with a 
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thiolate ion. The reaction occurs at a chiral center, so we 
expect inversion of configuration, which is characteristic 
of SN2 processes. 


on sna ory 
ol 


(c) A sulfide is oxidized to give a sulfoxide upon 
treatment with sodium meta-periodate. This oxidizing 
agent does not further oxidize the sulfoxide (the sulfone 
is not obtained). 


one Nato, one 


(d) A sulfide is oxidized all the way to a sulfone upon 
treatment with two equivalents of hydrogen peroxide. 
The first equivalent is responsible for oxidizing the 
sulfide to a sulfoxide, and the second equivalent oxidizes 
the sulfoxide to a sulfone. 


ooo < 


13.22. 

(a) The desired product can be made from an epoxide, 
which can be made from the starting alkene, as 
illustrated in the following retrosynthetic analysis: 


mys A —> > 


Now let’s consider the reagents necessary for each step 
of the synthesis. First, the alkene must be converted into 
an epoxide, which can be achieved upon treatment with a 
peroxy acid. Notice that the resulting epoxide contains 
one chiral center. Since the epoxide can form on either 
face of the m bond with equal likelihood, we expect a 
racemic mixture of the epoxide. Basic conditions are 
required (NaCN, rather than HCN) during the ring 
opening step, in order to ensure that the nucleophile 
(cyanide) attacks the less substituted position. If acidic 
conditions were employed (HCN), the nucleophile 
(cyanide) would attack the more substituted position. 


CN 
1) RCO3H 
= HO 
2) NaCN 
3) H20 racemic 
RCO3H Q 1) NaCN / 


2) H20 


AN 


racemic 
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(b) The desired trans-diol can be made from an epoxide, 
which can be made from the corresponding alkene. 


OH 
(0) 
aw OH 
=——> —— 


And the alkene can be prepared in two steps from the 
starting material. 


C=C=H0 


Now let’s consider the reagents necessary for each step 
of the synthesis, going forward. The starting material has 
no functional group, so one must be installed, which can 
be achieved via radical bromination. The resulting alkyl 
bromide is a secondary substrate, and treatment with a 
strong base will give an alkene via an E2 process. 
Treatment of the alkene with a peroxy acid gives an 
epoxide, which can then be opened either under aqueous 
acidic conditions or under aqueous basic conditions to 
give the desired trans-diol. 
__2)NaOEt aH 


AO ~~ 3)RCOH RCO3H 
4) H30* 
| Bro, hv Eg Nps 1) NaOH 
2 2) H2O 
em 


a 
oe 


(c) The desired product can be made from an epoxide, 
which can be made from the starting alkene, as 
illustrated in the following retrosynthetic analysis: 


OH 
1) Bro, hv 


OH 


Ae AX] 
uv 


AS 


Now let’s consider the reagents necessary for each step 
of the synthesis. First, the alkene must be converted into 
an epoxide, which can be achieved upon treatment with a 
peroxy acid. Notice that the resulting epoxide contains 
one chiral center. Since the epoxide can form on either 
face of the x bond with equal likelihood, we expect a 
racemic mixture of the epoxide. NaSMe must be used as 
the reagent, rather than MeSH and sulfuric acid) during 
the ring opening step, in order to ensure that the 
nucleophile (MeS?) attacks the less substituted position. 
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RCO P 
Go “2)NaSMe 
3) H2O racemic 
RCO3H 1) NaSMe 
2) H2O 
racemic 


(d) The desired product can be made from an epoxide, 
which can be made from the starting alkene, as 
illustrated in the following retrosynthetic analysis: 


Aa = ~ i 
| 
AK 


Now let’s consider the reagents necessary for each step 
of the synthesis. First, the alkene must be converted into 
an epoxide, which can be achieved upon treatment with a 
peroxy acid. Notice that the resulting epoxide contains 
one chiral center. Since the epoxide can form on either 
face of the m bond with equal likelihood, we expect a 
racemic mixture of the epoxide. Acidic conditions are 
required (H2S and sulfuric acid, rather than NaSH) 
during the ring opening step, in order to ensure that the 
nucleophile (H2S) attacks the more substituted position. 


Bos —— — A 
"DPS, [H2504], 
HS racemic 
RCO3H ae [H2SO4] 
H2S 
racemic 


(e) The desired product (a ketone) can be made via 
oxidation of a secondary alcohol, which can be made 
from the starting epoxide, as illustrated in the following 
retrosynthetic analysis: 


oO OH 
Now let’s consider the reagents necessary for each step 
of the synthesis. First, the epoxide must be converted 
into an alcohol, which can be achieved upon treatment 


with LiAlHa, followed by water work-up. The resulting 
alcohol is then oxidized to give the desired ketone. 


1) LiAIH, peu 
Pec 2) H20 
3) Na2Cr207 
H2SO4, H20 
1) LiAIH, NazCr207 
2) H20 H2SO4, H2O 


13.23. We always approach a synthesis problem by asking two questions. 
1) Is there a change in the carbon skeleton? Yes, there is one more carbon atom in the product than in the starting 


material. 


2) Is there a change in the functional group(s)? Yes, the starting material has an epoxide that is missing in the product. 
The product has two new functional groups, a ketone and a nitrile 


TIPS, OCH3 


si? — 


M 
oO 


TIPS OCH3 
N I 


Ui 


The product ketone can be made via oxidation of a secondary alcohol, which can be made by opening the starting 
epoxide with a cyanide nucleophile, as shown in the following retrosynthesis: 


TIPS OCH TIPS, OCH; TIPS. OCH; 
S : 
N “o 
O 


Let’s write out the steps in the forward direction. The epoxide-opening requires a strong nucleophile to achieve the 
desired regiochemistry (the less hindered position must be attacked). Use of NaCN, followed by water to protonate the 
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resulting alkoxide, accomplishes this and forms a new carbon-carbon bond in the process. Oxidation of the secondary 
alcohol to a ketone can be accomplished by a variety of reagents; one such option is shown below: 


TIPS 
TIPS OCH; 1) NaCN we OCHs 
SS 2) H20 Ss 
SS = 
f 3) PCC Sn 
Xe) O 
TIPS, OCH3 
1) NaCN S PCC 
2) H20 Sy 


13.24, 

(a) This transformation involves the installation of two 
carbon atoms, with an OH group placed at the second 
carbon atom. 


1 
Br OH 
g — Ue 


This can be achieved by converting the starting alkyl 
halide into a Grignard reagent, and then treating the 
Grignard reagent with an epoxide (followed by water 
work-up). 


Br 
a 
g = 


| Mg 3) H2O A 
® DZA 

MgBr 
2) H2O 


(b) This transformation involves the installation of two 
carbon atoms, with an OH group placed at the first 
carbon atom. 


OH 
1 


on 2 
— 


This can be achieved by converting the starting alkyl 
halide into a Grignard reagent, and then treating the 
Grignard reagent with an aldehyde (followed by water 
work-up). 


1) Mg 
O OH 
B 
eoa A 
3) H2O 


(c) This transformation involves the installation of an 
alkyl chain, with an OH group placed at the second 
carbon atom of the chain. 


1 


Br ore 
— 


This can be achieved by converting the starting alkyl 
halide into a Grignard reagent, and then treating the 
Grignard reagent with the appropriate epoxide (followed 


by water work-up). 
orn” 


(d) This transformation involves the installation of 
several carbon atoms, with a functional group at the first 
carbon atom of the chain. 


1) Mg 


(©) 


Br 
3 
Cy al 
— e 


This can be achieved by converting the starting alkyl 
halide into a Grignard reagent, treating the Grignard 
reagent with an aldehyde (followed by water work-up) to 
give an alcohol, and then oxidizing the alcohol to a 
ketone. 


1) Mg 
3 I O 
Br 
2) H 
—H 
3) H2O 
4) Naz2Cr207 
1) Mg H2504, H20 
O NagCr207 
) f H2SO4, H2O 
OH 
2) H 
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(e) This transformation involves the installation of two 
carbon atoms, with a functional group placed at the 
second carbon atom. 


1 
Cl Cl 
Cy Or: 
This can be achieved by converting the starting alkyl 
halide into a Grignard reagent, treating the Grignard 
reagent with an epoxide (followed by water work-up), 


and then converting the resulting alcohol into an alkyl 
chloride (via an Sn2 process). 


Cl 
Cy 1)Mg O~ 
O 
7 
1) Mg 3) H2O 


re) 4) SOCh, pyridine SOCly 


2) 7\ py 


3) HzO 


a 


(f) This transformation involves the installation of two 
carbon atoms, with a functional group placed at the first 
carbon atom. 


Cl 
1 


Cl Z 
— 


This can be achieved by converting the starting alkyl 
halide into a Grignard reagent, treating the Grignard 
reagent with an aldehyde (followed by water work-up), 
and then converting the resulting alcohol into an alkyl 
chloride. 


1) Mg 
o CI 
2) I 
H 
3) H2O 
4) SOCH, pyridine 
SOCIp 
py 


OH 


(g) This transformation involves the installation of an 
alkyl chain, with an OH group placed at the second 
carbon atom of the newly installed chain. 


1 
CI 2 -Oi 
D TK 


This can be achieved by converting the starting alkyl 
halide into a Grignard reagent, and then treating the 
Grignard reagent with the appropriate epoxide (followed 
by water work-up). 


cı _UMg OH 
yY o ONE IK 
2) DX 
3) H2O 


(h) This transformation involves the installation of an 
alkyl chain, with an OH group placed at the second 
carbon atom of the chain. 


1 
CI 20H 
CY OL 


This can be achieved by converting the starting alkyl 
halide into a Grignard reagent, and then treating the 
Grignard reagent with the appropriate epoxide (followed 
by water work-up). 


l H 
i = eee 
— 
2) Q 
3) H2O 


(i) The desired transformation can be achieved by 
converting the alkene into an epoxide, and then attacking 
the epoxide with a Grignard reagent, as shown here: 


OH 
1) RCO3H 
2) PrMgBr 
3) H2O 


o 1) PrMgBr 
C EN 2) H20 


13.25. A Grignard reagent with four carbon atoms is reacting with compound 2 to give compound 3 (which has eleven 
carbon atoms in the longest chain). Therefore, compound 2 must have seven carbon atoms in the longest chain. 
Additionally, the four-carbon chain is installed on the carbon atom that is adjacent to the carbon atom bearing the 
hydroxyl (OH) group; this is consistent with a reaction between a Grignard reagent and an epoxide. The configurations 
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of the chiral centers in compounds 2 and 3 will remain the same, since these carbon atoms are not undergoing bond- 
making or bond-breaking. 


OBn OBn 
1 
v OOVA — ~~ MoBr VAY, 
ao 4 6 ow 2 4 6 
OH 
3 2 


Now that we have drawn the structure of compound 2, we need to provide mechanisms for each step of this overall 
transformation. Let’s start with the conversion of compound 1 to compound 2: 


OBn OBn 
NaH 
A AZ 
eo NN =y ` ZA 
= o` 
OH 1 2 


Recall that NaH is a strong, non-nucleophilic base. The mechanism begins with a proton transfer, as NaH deprotonates 
the alcohol. This is followed by an intramolecular Sn2-type reaction in which the tosylate group is the leaving group 
(this is an intramolecular Williamson ether synthesis). Note that the configuration at the alcohol carbon atom is 
unaffected in this reaction because no bonds are being made or broken with that carbon atom. 


OBn OBn OBn 
DAAA —_> TsO t : ZA — aaa 
:0 :0: 
“HI HO To 


Now, let’s consider the conversion of compound 2 to compound 3: 


OBn 1) MgBr OBn 
PR ae ee eee 
WAKA = : ZA 
o` = 
2 2) H20 OH 3 


Recall that the Grignard reagent is characterized by a C-Mg bond that is very polar, and can be treated as an ionic bond. 
This carbanion is a strong nucleophile that attacks the less substituted carbon atom of the epoxide to form a new 
carbon-carbon bond and an alkoxide ion. Subsequent protonation of the alkoxide with water produces an alcohol as the 
product. Note that the configuration at the more substituted carbon atom of the epoxide is unaffected in this reaction 
because no bonds are being made or broken with that carbon atom. 


OBn OBn 
ie) Soe 


re 
KON 
HAN H 
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13.26. 

(a) The oxygen atom has two groups attached to it. The 
parent is named after the larger group (cyclohexane). 
The smaller group (together with the oxygen atom) is 
treated as an ethoxy substituent. Locants are used to 
identify the positions of the ethoxy group and of the 
methyl group. The compound has two chiral centers, 
each of which is assigned a configuration in the 
beginning of the name, placed in parentheses. 


eee 


(1S,2S)-1-Ethoxy-2-methylcyclohexane 


(b) The oxygen atom has two groups attached to it. One 
group has two carbon atoms and the other group has four 
carbon atoms. The parent is named after the larger 
group, so the parent is butane. The smaller group 
(together with the oxygen atom) is treated as an ethoxy 
substituent, and a locant (2) is included to identify the 
location of the substituent on the parent chain. The 
configuration of the chiral center is indicated at the 
beginning of the name, placed in parentheses. 


wes 


(R)-2-Ethoxybutane 


(c) The compound is named in the same way that we 
would name an alcohol (if the SH group were an OH 
group), except that the term “thiol” is used in the suffix 
of the name. In this case, the parent is hexane, and the 
location of the SH group is at C3, which must be 
indicated with a locant. The configuration of the chiral 
center is indicated at the beginning of the name, placed 
in parentheses. 


SH 


BPP 


(S)-3-Hexanethiol 


(d) This compound is a sulfoxide (S=O group) with an 
ethyl group and a propyl group. The groups are 
alphabetized in the name, so ethyl precedes propyl. 


Ethyl propyl sulfoxide 


(e) The oxygen atom has two groups attached to it. The 
parent is named after the larger group. In this case, the 
parent is pentene (an alkene), and the smaller group 
(together with the oxygen atom) is treated as an ethoxy 
substituent. 


Substituents 
3A a O l 
5 D ae 


1 


Locants are used to identify the positions of the ethoxy 
group and of the methyl group. The configuration of the 
alkene is indicated in the beginning of the name, placed 
in parentheses. 


Oe 


(E)-2-Ethoxy-3-methyl-2-pentene 


(f) The parent is benzene, and the two methoxy groups 
are treated as substituents. Locants are used to indicate 
the relative placement of the methoxy groups on the ring. 


1,2-Dimethoxybenzene 


Alternatively, the parent can be named as anisole (the 
common name for methoxybenzene), in which case the 
compound would be called 2-methoxyanisole. Both of 
these names are acceptable IUPAC names. 


(g) This compound is a sulfide (R-S—R), and it is named 
very much like an ether. The sulfur atom is connected to 
two groups, ethyl and propyl, which are arranged 
alphabetically in the name. 


a a A 


Ethyl propyl sulfide 


13.27. 

(a) The oxygen atom is connected to two carbon atoms, 
each of which is sp? hybridized. Therefore, each of the 
C-O bonds is cleaved, giving two alkyl bromides. 


A” 


(b) The oxygen atom is connected to two carbon atoms, 
but only one of them is sp? hybridized. Therefore, only 
one C-O bond is cleaved. The other C—O bond (where 
the C is sp? hybridized) is not cleaved. The products are 
phenol and methyl bromide. 


+ CH3Br 
+ H20 
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(c) The oxygen atom is connected to two carbon atoms, 
each of which is sp? hybridized. Therefore, each of the 
C-O bonds is cleaved, giving two equivalents of 2- 
bromopropane. 


HBr 
A L ——_ 2 er + H20 
oO 


(d) The oxygen atom is connected to two carbon atoms, 
each of which is sp? hybridized. Therefore, each of the 
C-O bonds is cleaved. As a result, the ring is opened, 


giving a dibromide, as shown. 
oe Br 


r 


B 
pu HBr [ Br 
—> = 


+ H20 


13.28. Ethers have the following structure: 


We are looking for ethers with the molecular formula 
C4H100, which means that the four carbon atoms must be 
contained in the two R groups of the ether. One 
possibility is that each R group has two carbon atoms. 


sO A 
ethoxyethane 
(diethyl ether) 


Alternatively, one R group can have three carbon atoms 
and the other R group can have one carbon atom. The R 
group containing three carbon atoms can either be a 
propyl group or an isopropyl group, giving the following 


two additional isomers: 
oe 


2-methoxypropane 
(isopropyl methyl ether) 


Fe ae 
1-methoxypropane 
(methyl propyl ether) 


In total, there are three constitutionally isomeric ethers 
with the molecular formula C4H100. 


13.29. 

(a) The desired transformation involves addition of H 
and OEt across a m bond. This can be achieved via 
alkoxymercuration-demercuration, where EtOH is used 
as the alcohol during the alkoxymercuration step: 


Q o~ 


1) Hg(OAc), EtOH 
2) NaBH, 
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Alternatively, cyclohexene can be treated with dilute 
sulfuric acid to give cyclohexanol, which can then be 
used in a Williamson ether synthesis, together with ethyl 


iodide, to give the desired product: 
Q Oo 


(b) The desired transformation involves an anti addition 
of OH and OMe across a n bond. This can be achieved 
by converting cyclohexene into an epoxide (upon 
treatment with a peroxy acid), followed by a ring 
opening reaction. The second step of this process 
(opening the ring) can be performed under either acidic 
conditions or basic conditions. 


Q 


RCO3H 


1) Dilute H2SO4 
2) NaH 
3) EtI 


1) RCO3H 
2) MeOH, [H2SO,] 


o; 
meso 


(c) The desired transformation involves addition of H 
and OR across a n bond. This can be achieved via 
alkoxymercuration-demercuration, where (CH3)3COH is 
used as the alcohol during the alkoxymercuration step. 


Q 


13.30. 

(a) There are four C—O bonds, and each of them is 
cleaved under acidic conditions and replaced with a C-I 
bond, giving two moles of compound A and two moles 
of water. 


HO 


xX 
1) Hg(OAc)2, O > 
—H 


2) NaBH, 


HH 
o I O I 
( ) xs HI ) 
—o 
oO I Or I 
H~ `H 
Compound A Compound A 


(b) As seen in the previous solution (14.34a), two moles 
of compound A are produced for every one mole of 1,4- 
dioxane. 
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(c) Each of the C—O bonds is cleaved via a two-step process: (i) protonation of the oxygen atom to give an oxonium 
ion, and (ii) an Sn2 reaction, in which iodide functions as a nucleophile and attacks the primary substrate. Each of 
these two steps requires two curved arrows, as shown. Since there are four C—O bonds that undergo cleavage, our 
mechanism will have a total of eight steps, where each step utilizes two curved arrows, as shown. 


P H 
SLN N ad P o `! NA LOH En 
=O Cr = al 
I I 


H—I 
I 
ae) 
sibs I 
HS — `" > 
l - H2O I 
H 


13.31. In the presence of an acid catalyst, an OH group is protonated to give an oxonium ion, thereby converting a bad 
leaving group into a good leaving group. Then, the other OH group (that was not protonated) functions as a 
nucleophilic center in an SN2-type process, forming a ring. Finally, deprotonation gives the product. Notice that water 
(not hydroxide) functions as the base in the deprotonation step (because there is virtually no hydroxide present in acidic 
conditions). 

H»SO, 


13.32. In the presence of an acid catalyst, an OH group is protonated to give an oxonium ion, thereby converting a bad 
leaving group into a good leaving group. Then, one molecule of the diol (that was not yet protonated) can function as a 
nucleophile and attack the oxonium ion in an Sn2 process, expelling water as a leaving group. The resulting oxonium 
ion is then deprotonated. The previous three steps are then repeated (proton transfer, Sn2, and then proton transfer), 
giving the cyclic product. Notice that each of the deprotonation steps is shown with water functioning as the base (not 
hydroxide), because there is virtually no hydroxide present in acidic conditions. 


H 
oh. 
fu OD H H 
on VEL Be -H20 Sò 
H NxN HOW > Sy at Oo” Nx on ~oH 
Tan 
6) e 
HON 6H 
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13.33. Ethylene oxide has a high degree of ring strain, 
and readily functions as an electrophile in an Sn2 
reaction. The reaction opens the ring and alleviates the 
ring strain. Oxetane has less ring strain and is, therefore, 
less reactive as an electrophile towards Sn2. The 
reaction can still occur, albeit at a slower rate, to 
alleviate the ring strain associated with the four- 
membered ring. THF has almost no ring strain and does 
not function as an electrophile in an Sx2 reaction. 


13.34. Acetylene undergoes alkylation when treated 
with a strong base (such as NaNHz2) followed by an alkyl 
halide. This process is then repeated to install a second 
methyl group, giving 2-butyne. This alkyne can be 
reduced either via hydrogenation with a poisoned 
catalyst to give a cis alkene, or via a dissolving metal 
reduction to give a trans alkene. Treatment of these 
alkenes with a peroxy acid gives the epoxides shown. 


Z 1) NaNH> a 


2) Mel 
1) NaNH2 
2) Mel 
Pa 
Lindlar's NH3 
cat. 
[roos | RCO3H 
fe) O 
(meso) + Enantiomer 


13.35. Upon treatment with NaH (a strong base), the 
hydroxyl proton is removed, giving an alkoxide ion. 
This alkoxide ion is tethered to a leaving group 
(bromide), so an intramolecular, Sn2-type process can 
occur, forming the cyclic product shown here. 
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13.36. 

(a) Acetylene can be treated with NaNH2 followed by 
PhCH2Br to install a benzyl group (PhCH2). This 
process is then repeated (with methyl iodide as the alkyl 
halide) to install a methyl group. These two alkylation 
processes could have been performed in reverse order 
(with installation of the methyl group first, followed by 
installation of the benzyl group). The resulting alkyne 
can then be reduced via hydrogenation with a poisoned 
catalyst to give a cis alkene, which gives the desired 
epoxide upon treatment with a peroxy acid. 


1) NaNH> o 
2) PhCH-Br 
a fe MLS Hef yrn + En 
3)NaNH2 Ph ie 
1)NanH, 4) Mel 
2)PhCH2Br “| indlar's cat. RCO3H 
6) RCO3H 
L 
Ph "e a 
1) NaNH> ? 
we 2 
2I Mel BA Lindlar's cat. 
Ph, 


(b) Acetylene can be treated with NaNH2 followed by 
PhCH2Br to install a benzyl group (PhCH2). This 
process is then repeated (with ethyl iodide as the alkyl 
halide) to install an ethyl group. These two alkylation 
processes could have been performed in reverse order 
(with installation of the ethyl group first, followed by 
installation of the benzyl group). The resulting alkyne 
can then be reduced via a dissolving metal reduction to 
give a trans alkene, which gives the desired epoxide 
upon treatment with a peroxy acid. 


1) NaNH2 o 
L 2) PACH Br a pf A jen 
OG 3) NaNH> Ta A = EH 
4) Etl 
1)NaNH> $) Na, NH3 
2)PhCHBr 6) RCO3H RCO3H 
Ze 
PA coer ae a 
1) NaNH> Na, 
2) Etl a, NH3 
Ph eo 


(c) Acetylene can be treated with NaNH2 followed by 
ethyl iodide to install an ethyl group. This process is 
then repeated (with methyl iodide as the alkyl halide) to 
install a methyl group. These two alkylation processes 
could have been performed in reverse order (with 
installation of the methyl group first, followed by 
installation of the ethyl group). The resulting alkyne can 
then be reduced via hydrogenation with a poisoned 
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catalyst to give a cis alkene, which gives the desired 
epoxide upon treatment with a peroxy acid. 


1) NaNH> O 


2) Etl Tar 
HÀ“ "H +En 


3) NaNH2 ee 


4) Mel 
1) NaNH> Hp 


Lindlar's cat. 
6) RCO3H 


Z = 


Ho, 
Be / Lindlar's cat. 


| RCO3H 


(d) Acetylene can be treated with NaNH2 followed by 
ethyl iodide to install the first ethyl group. This process 
is then repeated (again with ethyl iodide as the alkyl 
halide) to install the second ethyl group. Notice that two 
alkylation processes are required, even though the same 
group is being installed on both sides of acetylene. The 
reagents (NaNH2 followed by ethyl iodide) will install 
only one ethyl group. So these reagents must be repeated 
to install the second ethyl group (treating acetylene with 
two equivalents of NaNH2 followed by two equivalents 
of ethyl iodide will NOT produce the desired internal 
alkyne). The resulting alkyne can then be reduced via a 
dissolving metal reduction to give a trans alkene, which 
gives the desired epoxide upon treatment with a peroxy 
acid. 


1) NaNH2 O J 
Zz 2) EtI ae 
LQ 3) NaN}; H' y 1 +En 
4) EtI 
1) NaNH2 K Na, NH3 
2) EtI 6) RCO3H RCO3H 
ZZ 
ee cs eS ae 
1) NaNH2 Na, 
2) Etl ia NH3 
KA 
13.37. 


(a) Treating the alkene with a peroxy acid generates an 
epoxide. This epoxide has one chiral center, so we 
expect a racemic mixture of enantiomers (epoxide 
formation can occur on either face of the n bond with 
equal likelihood). Then, the epoxide is treated with 
methyl magnesium bromide, a strong nucleophile, 
resulting in a ring-opening reaction. Attack occurs at the 
less substituted position, giving an alkoxide ion, which is 
then protonated upon treatment with water to give a 


secondary alcohol as the product. Notice that this 


product does not have a chiral center. 


1) RCO3H 
p” ) 3 ie ia: 
2) MeMgBr OH 
3) H20 
RCO3H 1) MeMgBr 
lS | 2) H20 
(racemic) 


(b) The starting material is an alkene, and the reagents 
indicate an alkoxymercuration-demercuration, resulting 
in the Markovnikov addition of H and OMe across the n 
bond. One chiral center is generated in the process, so 
we expect a racemic mixture of enantiomers. 


a 


OMe 
(racemic) 


1) Hg(OAc)2 , MeOH 


ZA 
x7 3 NaBH, 


(c) Treating the alkene with a peroxy acid generates an 
epoxide. This epoxide has one chiral center, so we 
expect a racemic mixture of enantiomers (epoxide 
formation can occur on either face of the x bond with 
equal likelihood). Then, the epoxide is treated with a 
strong nucleophile (MeS), resulting in a ring-opening 
reaction. | Nucleophilic attack occurs at the less 
substituted position, giving an alkoxide ion, which is 
then protonated upon treatment with water to give the 
product shown here. 


1) RCO3H 
Ame 2) NaSMe SMe 
3) H20 OH 
RCO3H Zo. (racemic) 
nA 1) NaSMe 
(0) 2) H2O 
(racemic) 


(d) Upon treatment with elemental sodium, an alcohol is 
deprotonated to give an alkoxide ion. The alkoxide then 
functions as a nucleophile when treated with ethyl 
chloride, giving an Sn2 reaction that affords the 


following ether: 
Qe a 


(e) Upon treatment with elemental sodium, an alcohol is 
deprotonated to give an alkoxide ion. The alkoxide then 
functions as a nucleophile and attacks the epoxide, 
giving a ring-opening reaction. Nucleophilic attack 
occurs at the less substituted position, giving another 


1)Na 
2) EtCl 
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alkoxide ion, which is then protonated upon treatment 
with water to give the following product: 


(iso 
— 
2 0 


3) H20 


(f) Upon treatment with magnesium (Mg), the starting 
alkyl halide is converted into a Grignard reagent, which 
is a very strong nucleophile. When this Grignard reagent 
is treated with an epoxide, a ring-opening reaction 
occurs. The resulting alkoxide ion is then protonated 
upon treatment with water to give the product shown: 
cys 1) Mg, diethyl ether aa 
—— 
O 

RAN 

3) H2O 


13.38. 

(a) Ethyl magnesium bromide is a strong nucleophile, so 
it can attack the epoxide at the less substituted position, 
giving a ring-opening reaction. The resulting alkoxide 
ion is then protonated upon treatment with water to give 
the tertiary alcohol as the product. 


O 1) EtMgBr es 
—— m 
TE 2) H2O 


(b) Sodium hydride is a strong base, and it will 
deprotonate an alcohol to give an alkoxide ion. This 
alkoxide ion will then function as a nucleophile when 
treated with a primary alkyl halide, giving an Sn2 
reaction, as shown here: 


OEt 
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(c) The acetylide ion is a strong nucleophile and it will 
attack the epoxide at the less substituted position, giving 
a ring-opening reaction. The resulting alkoxide ion is 
then protonated upon treatment with water, as shown: 


o HO 


= _1)HC=CNa . AKR 


2) H20 
Co S 
C `H 
ia S 
AN 


N 


(d) Upon treatment with a strong acid, the epoxide is 
protonated. The resulting protonated epoxide is then 
attacked by MeSH (a good nucleophile). Nucleophilic 
attack occurs at the more substituted position, as a result 
of electronic effects (the tertiary position bears more 
partial carbocationic character than the primary 
position). In the final step, a proton is removed to give 
the product shown: 


[H2SO,] 
MeSH 


(e) Sodium hydride is a strong base, and it will 
deprotonate the alcohol to give an alkoxide ion. This 
alkoxide ion contains a built-in leaving group, so it can 
undergo an intramolecular SN2-type process in which a 


chloride ion is ejected as a leaving group, giving the 
a ALAA, 


cyclic product shown: 
NaH C) 
a 
H: 


re) 
eA OP 


ee 


(f) Hydroxide functions as a nucleophile in an Sn2 
reaction, ejecting chloride as a leaving group. The 
resulting alcohol is then deprotonated by hydroxide, 
giving an alkoxide ion. This alkoxide ion contains a 
built-in leaving group, so it can undergo an intra- 
molecular SNn2-type process in which a chloride ion is 
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ejected as a leaving group, giving the cyclic product 


shown: 
© 
© 


cs 
NaOH 
CI ee 


13.39. The starting material is a cyclic ether, in which 
the oxygen atom is connected to two carbon atoms, each 
of which is sp? hybridized. As such, treatment with HBr 
is expected to cleave each of the C—O bonds and replace 
them with C—Br bonds, giving the following dibromide: 


O 
{ ? eae ae as + H20 


13.40. The starting material has six carbon atoms, and 
the product has six carbon atoms. So, the starting 
material must be some sort of cyclic ether, which opens 
to give a dibromide. By inspecting the dibromide 
product, we can determine which two carbon atoms must 
have been connected to the oxygen atom in the starting 
cyclic ether. 


13.41. Ethyl magnesium bromide is a strong nucleophile, and can attack the epoxide at the less substituted position, in 
a ring-opening process, with inversion of configuration at the position that is attacked. The resulting alkoxide ion can 
then undergo an intramolecular Sn2-type process, expelling a chloride ion and generating a new epoxide. This epoxide 
can be attacked once again by ethyl magnesium bromide, once again at the less substituted position, and once again 
with inversion of configuration. The resulting alkoxide ion is then protonated upon treatment with water, to give the 


observed product. 


13.42. 

(a) The starting material is an alkene, and the reagents 
indicate an alkoxymercuration-demercuration, resulting 
in the Markovnikov addition of H and OMe across the 7 


bond. 


1) Hg(OAc)2 , MeOH 
z 
2) NaBH, 


(b) The starting material is an alkene, and the reagents 
indicate an alkoxymercuration-demercuration, resulting 
in the Markovnikov addition of H and OR across the m 


bond. 
1) Hg(OAc)z , 
— o O 


2) NaBH, 
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13.43. 

(a) There are certainly many ways to prepare the target 
compound. The following strategy represents just one 
possible synthetic approach. 


SSI 
O / | \ O 
A a 2AA 


The central two carbon atoms (C3 and C4) come from 
acetylene, and the bonds at C2-C3 and C4-C5 are formed 
via the reaction between an acetylide ion and an epoxide. 
The forward process is shown below. Notice that after 
the first carbon-carbon bond is formed, the resulting 
compound is an alcohol. As such, the OH group must be 
protected before treating the terminal alkyne with a 
strong base (a strong base would simply deprotonate the 
alcohol, rather than the alkyne, if the OH group were not 
protected). The protecting group can be removed after 
the second carbon-carbon bond is formed. Finally, the 
desired product is obtained upon reduction of the alkyne 
via hydrogenation in the presence of a poisoned catalyst, 
to give the cis alkene. 


1) NaNH> 

O 

2N 
3) H2O 
4) TMSCI, 

Eta N HO — OH 
we rr aaa aa 
QO 5) NaNH> 

O 

1)NaNH, ®© Z\ Ho, 
Lindlar's 
2) 7) H2O cat. 
Z\ 8) TBAF aa 
3) H2O 9) Ho, OH p ANA 
Lindlar's ka” 
NOH cat. i 
TBAF 
A 
TMSCI, OH N OMS 


~ OTMS 1) NaNH2 j 


ZA O 
2 N 


3) H2O 
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(b) There are certainly many ways to prepare the target 
compound. The following strategy represents just one 
possible synthetic approach. 


O 
H 


| °* 
LA 


H 


T o 
LA 


A 
a 


The central two carbon atoms (C3 and C4) come from 
acetylene, and the bonds at C2-C3 and C4-C5 are formed 
via the reaction between an acetylide ion and an epoxide. 
The forward process is shown below. Notice that after 
the first carbon-carbon bond is formed, the resulting 
compound is an alcohol. As such, the OH group must be 
protected before treating the terminal alkyne with a 
strong base (a strong base would simply deprotonate the 
alcohol, rather than the alkyne, if the OH group were not 
protected). The protecting group can be removed after 
the second carbon-carbon bond is formed. Finally, the 
desired product is obtained via hydrogenation of the 
alkyne followed by oxidation of the primary alcohol 
groups to aldehyde groups (using PCC, or DMP, or a 
Swern oxidation): 


1) NaNH> 
2) 9 
LA o 
3) H20 
= H 
Z 4) TMSCI, aes 
1) NaNH a O 
2 PCC, 
» 2 5) NaNH> | k 
AN <5 A OH 
3) H20 7) H2O LOA ANH 
8) TBAF 
NOH 
ZA 9) H2, Pt Ho, 
a 10) PCC, BE 
Ven CHCl 
Et,N OH NOH 
|_ 
~ OMS 
a j TBAF 
\ 1) NaNH3 OH NN _ OMS 
Q he 
7 
3) H2O 
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13.44. The following reagents can be used to achieve the desired transformations: 


OH 


1) EtMgBr 
2) H20 Me 


1) NaOEt [H2504] OH 
a eS 
Okt 2) H20 MeOH 
HBr 1) NaSMe 
1) NaH Br 2) H2O . els 
i OH 
2) EtI OH (1) NaCN 1) LIAIH4 ) CH3 
2) H20 2) H20 


OEt OH OH 
OMe 
OEt Cn" 


13.45. Alkoxymercuration-demercuration converts the alkene into an ether, which is then cleaved into two alkyl 
halides upon treatment with excess HI: 


OEt I 
1) Hg(OAc)z , EtOH xs HI + EI 
> — 
2) NaBH, heat + H20 


Treatment of the alkene with a peroxy acid results in an epoxide, which is a meso compound in this case: 


RCO3H 
a O 


(meso) 


The epoxide can be opened in the presence of a variety of nucleophiles, as shown: 


1) H—-C=CNa 
2) H2O 


o 1) NaSEt 
2) H20 


13.46. Hydroxide is a strong nucleophile, and it can 
attack the epoxide at either of two locations, highlighted 


here: 
O 


me fey H 


H Me 


Let’s first consider the ring-opening reaction occurring at 
the position on the left. The resulting alkoxide ion is 
protonated by water to give a diol: 
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This diol is a meso compound, which can be seen more 
clearly if we draw a Newman projection and then rotate 
about the central C-C bond: 


OH 
observer H Me OH Me H 
<J —> my ë = 
HO Me H Me 
OH 
HOOH Rotate 
central 
C-C bond 
Me 
HÁ Me 
meso 


Now let’s consider the product that is obtained if the 
ring-opening reaction occurs at the position on the right: 


O HO H 
l f NaOH zie 
Me™" "H H20 Me“ 
H Me H OH 
("34 
© 
OH © 
O: H 
ZaMe 
Mej 
H OH 


Once again, notice that the resulting diol is a meso 
compound: 


OH 
observer HO H H Me 
g" = EX 

Me OH Me H 

OH 

HOOH Rotate 
central 
<____| C-C bond 
Me H 
Me H 
meso 


In fact, this meso compound is the same meso compound 
that was obtained earlier (when the attack occurred at the 
position on the left). 


HOOH HOOH 


Me H 
HA ~Me Me MH 


meso meso 


That is, the same product is obtained, regardless of 
which electrophilic position is attacked by hydroxide. 


13.47. We begin by drawing the structure of meso-2,3- 
epoxybutane. 
L i X 


Me 
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Hydroxide is a strong nucleophile, and it can attack the 
epoxide at either of two locations, just as we saw in the 
previous problem. Let’s first consider the ring-opening 
reaction occurring at the position on the left. The 
resulting alkoxide ion is protonated by water to give a 


diol: 
O H OH 
g l NaOH TNN 
HU" "H H20 PH 
Me \ Me HO Me 


bo EI 


If we draw a Newman projection of the diol, as we did in 
the previous problem, we will see that this diol is not a 
meso compound. 


OH 
observer Me, H OH H Me 
dfn = X 

HO Me H Me 

OH 

HOOH Rotate 

central 

å C-C bond 
H H 
Me Me 
not meso 


Now let’s consider the product that is obtained if the 
ring-opening reaction occurs at the position on the right: 


Oo N HO H 
/ \ aOH = Me 
H Was HO HY 
Me Me Me OH 
( HAH 
(OPA 
:OH ©. 
i 0: H 
Za Me 
H" 
Me OH 


Once again, the resulting diol is not a meso compound. 
If we compare the two possible diols, we find that they 
are non-superimposable mirror images of each other, and 
therefore, they are enantiomers: 


Enantiomers 


13.48. There are certainly many acceptable methods for 
achieving the desired transformation. The following 
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retrosynthetic analysis represents one such method. An 
explanation of each of the steps (a-f) follows. 


NaO ONa b HO OH 
L/S => \J/ 
O o => + 
Br Br 
O 
|: > 


ea 


a. The cyclic product can be made by treating a 
dianion with a dihalide (via two successive Sn2 
reactions). 

b. The dianion can be made by treating the 
corresponding diol with two equivalents of a strong 
base (such as NaH). 

c. The diol can be made from an epoxide, via a ring- 
opening reaction (either under acidic conditions or 
under basic conditions). 

d. The epoxide can be made by treating the 
corresponding alkene with a peroxy acid. 

e. The dibromide can be made via bromination of the 
corresponding alkene. 

Jf. The alkene can be made via hydrogenation of the 
corresponding alkyne, in the presence of Lindlar’s 
catalyst. 


f 
a — Z 


Now lets draw the forward scheme. Acetylene 
undergoes hydrogenation in the presence of Lindlar’s 
catalyst to afford ethylene, which can be converted to an 
epoxide upon treatment with a peroxy acid. Acid- 
catalyzed ring-opening of the epoxide gives a diol (base- 
catalyzed conditions can also be used). Treatment of the 
diol with two equivalents of a strong base, such as NaH, 
gives a dianion. The dianion will react with 1,2- 
dibromoethane (formed from bromination of ethylene) to 
give the desired cyclic product via two successive Sn2 
reactions. 


a = oO O 
\/ 
H2 
Lindlar's Br 
catalyst Bro Asr 
Z NaO. AN Na 
RCO3H 
NaH (2 eq) 
O H30* 
HO 
> —— RAAS OH 


13.49. There are certainly many acceptable methods for 
achieving the desired transformation. The following 


retrosynthetic analysis represents one such method. An 
explanation of each of the steps (a-d) follows. 


a 
HCO NaO 
eS SOC. S ona 


a. The product has two ether groups, each of which 
can be formed via a Williamson ether synthesis, 
from the dianion shown. 

b. The dianion can be made by treating the 
corresponding diol with two equivalents of a strong 
base (such as NaH). 

c. The diol can be made from an alkene, via a 
dihydroxylation process. 

d. The alkene can be made via hydrogenation of the 
corresponding alkyne, in the presence of Lindlar’s 
catalyst. 


Now let’s draw the forward scheme. Acetylene 
undergoes hydrogenation in the presence of Lindlar’s 
catalyst to afford ethylene, which can be converted to a 
diol via a dihydroxylation process. Treatment of the diol 
with two equivalents of a strong base, such as NaH, 
gives a dianion. The dianion will react with two 
equivalents of methyl iodide giving the product (via a 
Williamson ether synthesis, twice). 


1) Ho, Lindlar's cat. 
2) cat. OsO4, NMO 


ZEEE >) HCO 
QO 3) NaH (2 eq) “OCH; 
4) CHsl (2 eq) 
t CHgl 
T He (2 eq) 
indlar's 
catalyst Na a 
cat. OsO4 NaH 
2 = HO 
aaa “oH eeg 


13.50. There are certainly many acceptable methods for 
achieving the desired transformation. The following 
retrosynthetic analysis represents one such method. An 
explanation of each of the steps (a-f) follows. 


ee a OH 
AAT oe 

O OH ae 
"E Oe 

(Je 


f oO 
Non => |> 
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a. The product can be made via a Williamson ether 
synthesis, by treating the alcohol shown with base 
followed by ethyl iodide. 

b. The alcohol can be made by treating a ketone with a 
Grignard reagent. 

c. The ketone can be made via oxidation of the 
corresponding secondary alcohol. 

d. The secondary alcohol can be made by treating an 
aldehyde with a Grignard reagent. 

e. The aldehyde can be made via oxidation of the 
primary corresponding primary alcohol. 

J. The alcohol can be made by treating an epoxide 
with a Grignard reagent. 


Now let’s draw the forward scheme. The epoxide is 
opened with methyl magnesium bromide, followed by 
water work-up, to give l-propanol. 1-Propanol is then 
oxidized to an aldehyde with PCC (or with DMP, or with 
a Swern oxidation). Treating the aldehyde with a 
Grignard reagent gives a secondary alcohol. Oxidation 
of the alcohol gives a ketone, which can be treated with 
ethyl magnesium bromide to give a tertiary alcohol. This 
alcohol is then deprotonated upon treatment with a 
strong base, such as NaH. The resulting anion then 
functions as a nucleophile in an Sn2 reaction with ethyl 
iodide to give the desired product. 


1) MeMgBr 
2) H20 / 
(0) 3) PCC, O 
[> CH>Cl 
4) EtMgBr 
1)MeMgBr 5)H20 1) NaH 
2) H20 6) Na2Cr207, 2) EtI 
H2SO4, H20 
aw 7) EtMgBr 
Pce aye 
CHCl 
1) EtMgBr 
2) H2O 
we (0) 


3 EtMgBr 
2) H20 Na2Cr207, 
L H2S04, H2O 


13.51. 

(a) Treating the alkene with a peroxy acid gives an 
epoxide. This epoxide undergoes a ring-opening 
reaction when treated with methyl magnesium bromide 
(a strong nucleophile), to give an alkoxide ion which is 
protonated upon treatment with water to give the desired 
product. 
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1) RCO3H 
ANZ 2) MeMgBr D a 
3) H2O OH 
RCO3H NS 1) MeMgBr 
O 2)H20 


(racemic) 


(b) The following synthesis builds on the synthesis in 
the previous solution (13.51a). The product of that 
synthesis is treated with an oxidizing agent, such as 
chromic acid, to give the desired ketone: 


1) RCO3H 
N7 2) MeMgBr 

3) H20 O 

RCO:H 4) Na2Cr207 
3 H2SO4, H2O Na2Cr207 
H2504, H20 
nA 1) MeMgBr oe 
O 2) H20 
) H2 OH 


(racemic) 


(c) Two carbon atoms are installed, with a functional 
group on the second carbon atom of the newly installed 
chain. This indicates a reaction involving a Grignard 
reagent and an epoxide. The starting alkyl halide is 
converted into a Grignard reagent, which is then treated 
with ethylene oxide, followed by water work-up. This 
installs the two carbon atoms, and simultaneously installs 
a functional group at the second carbon atom of the 
newly installed chain. This functional group (OH) is 
then converted into the desired functional group upon 
treatment with thionyl chloride and pyridine: 


1) Mg 


N Ara 0 NN NAi 
27N 
1) Mg 3) H20 SOCh, 
O 4) SOCh, 
“7 pyridine Ey 
3) H20 
DAUA NAAN OH 


(d) The solution to this problem is a slight modification 
of the solution to the previous problem (13.51c). The 
only change is the structure of the starting epoxide: 


Cl 


tt SOCh, 


= 


4) SOCI, 
pyridine 


www.MyEbookNiche.eCrater.com 


474 CHAPTER 13 


(e) The starting material is an alcohol and the product is 
an ether. This transformation can be achieved via a 
Williamson ether synthesis. The alcohol is first 
deprotonated with a strong base (such as NaH) to give an 
alkoxide ion, which is then treated with ethyl iodide to 
give an Sn2 reaction (with iodide serving as the leaving 


group): 
MX ae 


(f) Two carbon atoms are installed, with a functional 
group on the second carbon atom of the newly installed 
chain. This indicates a reaction involving an epoxide. 
The alcohol is first deprotonated with a strong base (such 
as NaH) to give an alkoxide ion, which is then treated 
with ethylene oxide to give a ring-opening reaction. The 
resulting alkoxide ion is protonated upon aqueous work- 


up to give the desired product: 
On Os 
Cy OH 


1) NaH 
2) Etl 


1)NaH 


2 A 


3) H20 


on 
(g) The starting alkene will undergo hydroboration- 
oxidation (anti-Markovnikov addition of H and OH) to 
give the primary alcohol. A Williamson ether synthesis 


can then be used to convert the alcohol into the desired 
ether. 


1) BH3- THF 
2) H205, NaOH 
3) NaH NNNnnn 
4) EtI ‘iinet 

2) EtI 


1) BH3: THF 
2) H202, NaOH NxN MoH 


(h) The starting alkene will undergo acid-catalyzed 
hydration (Markovnikov addition of H and OH) to give 
the secondary alcohol. A Williamson ether synthesis can 
then be used to convert the alcohol into the desired ether. 


1) dilute H2SO4 X, 
DA 
yee 2) NaH 
3) Et! 
dilute 1) NaH / 
H2504 2) EtI 


(i) Reduction of the alkyne in the presence of a poisoned 
catalyst affords an alkene, which is converted to the 
epoxide upon treatment with a peroxy acid. 


1) Hb, Lindlar’s catalyst o 
ZA ) H2, y: = + En 
2) RCO3H 


Ho, 
Lindlar's 


cat. RCO3H 


(j) Reduction of the alkyne in the presence of a poisoned 
catalyst affords a cis-alkene, which is converted to the 
desired epoxide upon treatment with a peroxy acid. 


1) Hp, Lindlar's catalyst O 
> 


< 2) RCO3H AN 
Ho, (meso) 
/=\ RCO3H / 


Lindlar’s 
cat. 
(k) Reduction of the alkyne via a dissolving metal 
reduction affords a trans-alkene, which is converted to 
the desired epoxide upon treatment with a peroxy acid. 


a O 
ye 1) Na, NH3 
aaea + En 
2) RCO3H a” “Mn 


be, A peau 


(1) The starting material has five carbon atoms and the 
product has seven carbon atoms. There are several ways 
to install two carbon atoms, but we must carefully 
consider where we want the functional group to be in the 
product. For example, if we try to alkylate the alkyne, 
we will obtain an unsymmetrical internal alkyne. 


ZA ~> ee 


As such, we won’t be able to control the regiochemical 
outcome of hydration of this internal alkyne (two 
products would be obtained, which is inefficient). 
Instead, we can convert the alkyne into an epoxide, and 
then open the epoxide with a Grignard reagent. This 
strategy installs the two carbon atoms while 
simultaneously installing a functional group in the 
desired location. 


ANZ 1)He 
L , ae ace 
YG Lindlar's cat. 
», 2)RCO3H OH 

. a. 3) EtMgBr 

aa, s 4) H2O 1) EtMgBr 
i 2) H2O 
RCO3H 
S 3 


eog 


(racemic) 
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(m) We did not learn a way to alkylate an ether. 
However, we did learn a way to cleave a phenyl ether to 
give phenol. A Williamson ether synthesis can then be 
used to reinstall the alkyl group (this time an ethyl group, 
rather than a methyl group): 


oa of 


1) HI 
2) NaOH 
3) EtI 


HI ô 


(n) The starting material is an ether, which will undergo 
cleavage when treated with HBr to give 
bromocyclohexane. Conversion of this alkyl halide into 
a Grignard reagent, followed by treatment with ethylene 
oxide (and aqueous work-up), gives the desired product. 


Coo 
xs 


(0) Two carbon atoms are installed, with a functional 
group on the second carbon atom of the newly installed 
chain. This indicates a reaction involving an epoxide. 
The alcohol is first deprotonated with a strong base (such 
as NaH) to give an alkoxide ion, which is then treated 
with ethylene oxide to give a ring-opening reaction. The 
resulting alkoxide ion is protonated upon aqueous work- 
up to give the desired product: 


1) NaOH 


2) EtI 


1) HBr 
— 
2) i 


1) NaH 


O 
2AN 
3) H20 


ae Nn OH 


Nowa Oe ey 


(p) Two carbon atoms are installed, with a functional 
group on the second carbon atom of the newly installed 
chain. This indicates a reaction involving an epoxide. 
The starting alkyl halide is converted into a Grignard 
reagent, which is then treated with ethylene oxide, 
followed by water work-up. This installs the two carbon 
atoms, and simultaneously installs the correct functional 
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group in the correct location (at the second carbon atom 
of the newly installed chain): 


(q) Two carbon atoms are installed, with a functional 
group on the second carbon atom of the newly installed 
chain. This indicates a reaction involving an epoxide. 
The starting alkyl halide is converted into a Grignard 
reagent, which is then treated with ethylene oxide, 
followed by water work-up. This installs the two carbon 
atoms, and simultaneously installs a functional group in 
the correct location (at the second carbon atom of the 
newly installed chain). Oxidation of the primary alcohol 
with PCC (or DMP, or with a Swern oxidation) gives the 
desired aldehyde: 


(0) 
1) Mg 
CI O H 

DAN 

1) Mg 3) H20 PCC 
4)P HCl i 

2) IA ) POC, ChlzCl CH2Cl> 
NN] N 

3) H2O OH 


(r) This conversion can be achieved in one step, by 
treating the starting material with the epoxide shown, in 
the presence of acid catalysis. Under these conditions, 
the alcohol functions as a nucleophile and attacks a 
protonated epoxide to give a ring-opening reaction in 
which the nucleophile attacks the more substituted 
tertiary position (due to an electronic effect). 


Cyn 


(s) This transformation is similar to the previous problem 
(13.511), although in this case, the nucleophilic attack 
must occur at the less substituted position. This requires 
treating an epoxide with a strong nucleophile in basic 
conditions. The starting alcohol is first deprotonated 
with a strong base (such as NaH), and the resulting 
alkoxide ion is treated with the epoxide shown below. 
The resulting ring-opening reaction, followed by 
aqueous work-up, gives the desired product. 


oH o X, 
Si Led 


[H2504] 


1) NaH 


O 
a DX 


3) H2O 
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(t) The epoxide can be made from the following alkene, 
so we must find a way to make this alkene: 


Ce = CF 


This alkene can be made from the starting alkane in two 
steps (radical bromination, followed by elimination), 
giving the following synthesis: 


1) Bra hv ` 
O +En 
DNEOEL 7 NaOEt 
3) RCO3H 


RCO3H 


pe T A 
F=- 


(u) The following synthesis builds on the synthesis in the 
previous solution (13.51t). The product of that synthesis 
is opened by a strong nucleophile (methoxide), which 
attacks the less substituted position. Aqueous work-up 
gives the desired product. 


1) Bro, hv sa OH 
2) NaOEt bec 
3) RCO3H OMe 
| hv 4) NaOMe 1) NaOMe 
5) H2O 
Br ) H2 2) H20 
O +En 


13.52. The molecular formula indicates that there are 
seven carbon atoms, but the spectrum has only five 
signals, indicating symmetry. With four degrees of 
unsaturation (see Section 14.16), we suspect an aromatic 
ring. There are four signals in the aromatic region of the 
spectrum, so we expect a monosubstituted ring, which 
explains the symmetry. The fifth signal appears above 
50 ppm, indicating that it is next to an electronegative 
atom. We see in the molecular formula that there is an 
oxygen atom, so we propose the following structure, 
called methoxybenzene (also called anisole). 


oe 
13.53. The 'd NMR spectrum has four signals, and the 
total integration of those four signals is 2+2+2+3 = 9. 


However, the molecular formula indicates eighteen 
hydrogen atoms, so we expect a high degree of 


symmetry (one half of the molecule mirrors the other 
half). The compound has no degrees of unsaturation (see 
Section 14.16), so we expect an acyclic compound with 
no 7 bonds. The integration values of the signals in the 
proton NMR spectrum indicate the presence of three CH2 
groups and one CH3 group, which appear to be 
connected to each other in a chain: 


He bh he I 
bppeee 
Ada te ta 

triplet Y 

Z triplet 

(1=2) multiplet multiplet (1=3) 
(I= 2) (I = 2) 


We therefore propose the following structure: 
a gO i 


This structure is consistent with the carbon NMR 
spectrum as well. Notice that there are four different 
kinds of carbon atoms, thus giving rise to four signals. 
Only one of the four signals is above 50 ppm, indicating 
that it is next to an electronegative atom. This is 
consistent with the structure above. 


13.54. The molecular formula indicates that there are 
four carbon atoms, but the carbon NMR spectrum has 
only two signals, indicating symmetry. With one degree 
of unsaturation (see Section 14.16), the structure must 
contain either a ring or a double bond. The following 
structure has a ring and would indeed produce only two 
signals in the carbon NMR spectrum (because of 
symmetry). The IR spectrum contains no signals in the 
diagnostic region (other than C-H signals just below 
3000 cm), which is consistent with the proposed 


structure. 
O 


e 


13.55. The spectrum has two signals, and the total 
integration of those two signals is 2+3 = 5. However, the 
molecular formula indicates ten hydrogen atoms, so we 
expect a high degree of symmetry (one half of the 
molecule mirrors the other half). The compound has no 
degrees of unsaturation (see Section 14.16), so we expect 
an acyclic compound with no m bonds. The signals in 
the spectrum are consistent with an ethyl group (a quartet 
with an integration of 2, and a triplet with an integration 
of 3). The molecular formula indicates the presence of 
an oxygen atom, so we propose the following structure in 
which the two ethyl groups mirror each other: 


SR 
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13.56. LiAlD4 is expected to function very much like 
LiAlH4. That is, it is expected to be a delivery agent of 
D (rather than H ), which attacks the less hindered 
position (secondary rather than tertiary), with inversion 
of configuration at that position. The resulting alkoxide 
ion is then protonated upon treatment with water, to give 
the product shown. 


13.57. NaBHz is expected to serve as a delivery agent 
of H , which attacks the electrophilic carbonyl group 
(that carbon atom is electrophilic because of both 
resonance and induction). The resulting alkoxide ion can 
then undergo an intramolecular Sn2-type reaction, 
expelling a halide as a leaving group, and generating the 
epoxide, as shown: 


13.58 When methyloxirane is treated with HBr, the 
regiochemical outcome is determined by a competition 
between steric and electronic factors, with steric factors 
prevailing — bromide attacks the less substituted position. 
However, when phenyloxirane is treated with HBr, 
electronic factors prevail in controlling the regiochemical 
outcome. Specifically, the position next to the phenyl 
group is a benzylic position and can stabilize a large 
partial positive charge. In such a case, electronic factors 
are more powerful than steric factors, and bromide 
attacks the more substituted position. 


13.59. This process for epoxide formation involves 
deprotonation of the hydroxyl group, followed by an 
intramolecular Sn2-type attack. Recall that Sn2 
processes occur via back-side attack, which can only be 
achieved when both the hydroxyl group and the bromine 
occupy axial positions on the ring. Due to the steric bulk 
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of a tert-butyl group, compound A spends most of its 
time in a chair conformation that has the tert-butyl group 
in an equatorial position. In this conformation, the OH 
and Br are indeed in axial positions, so the reaction can 
occur quite rapidly. In contrast, compound B spends 
most of its time in a chair conformation in which the OH 
and Br occupy equatorial positions. The Sn2 process 
cannot occur from this conformation. 


yo 


Br 


OH 


Br 


Most stable conformation 
of compound A 


Most stable conformation 
of compound B 


When compound A is treated with NaOH, the hydroxyl 
group in compound A is deprotonated, giving an 
alkoxide ion which can serve as a nucleophile in an 
intramolecular Sn2-type attack that gives an epoxide. 


13.60. There are certainly many acceptable methods for 
achieving the desired transformation. The following 
retrosynthetic analysis represents one such method. An 
explanation of each of the steps (a-e) follows. 


OH 


a. The diol can be made from the trans alkene, by 
converting the alkene into an epoxide and then 
opening under aqueous acidic conditions (or under 
basic conditions). 

b. The alkene can be made from the corresponding 
alkyne via a dissolving metal reduction. 

c. The alkyne can be made via alkylation of a terminal 
alkyne. 

d. The terminal alkyne can be made from the 
corresponding alkene via bromination followed by 
elimination with NaNHo. 

e. The alkene can be made from the alkane via 
bromination, followed by elimination with a strong 
base, such as NaOEt. 
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Here is an alternative strategy. An explanation of each 
of the steps (a-d) follows.: 


a. The diol can be made from the trans alkene, by 
converting the alkene into an epoxide and then 
opening under aqueous acidic conditions (or under 
basic conditions). 

The alkene can be made from the corresponding 
alcohol, which can be made from the corresponding 
epoxide via a Grignard reaction. 

c. The epoxide can be made from the corresponding 
alkene (called styrene) 

The alkene can be made from the alkane via 
bromination, followed by elimination with a strong 
base, such as NaOEt. 


> 


a 


The forward synthetic scheme for the second pathway is 
illustrated here: 


1) Bro, hv 
—— > 
2) NaOEt 
3) RCO3H 
4) PrMgBr 
| Bro, hv 5) H,O 1) RCO3H 
Br 6) conc. 2) H30* 
H2504, 
heat NN 
7) RCO3H 
8) H30* 
(racemic) conc. H2504, heat 
| NaOEt i 
xs (racemic) 
O 
1) PrMgBr 
RCO3H 2) H20 
(racemic) 


13.61. There are certainly many acceptable methods 
for achieving the desired transformation. The following 
retrosynthetic analysis represents one such method. An 
explanation of each of the steps (a-e) follows. 


OH 


; a) Ph 
Ph “Ph 


a. The epoxide can be made from the corresponding 
trans alkene. 

b. The trans alkene can be made from the 
corresponding alcohol via a dehydration reaction 
(upon treatment with concentrated sulfuric acid). 

c. The alcohol can be made from the reaction between 
a Grignard reagent (PhMgBr) and an epoxide, 
thereby installing a phenyl group. 

d. The epoxide can be made from the corresponding 
alkene upon treatment with a peroxy acid. 

e. The alkene can be made from the corresponding 
primary alcohol. 

f The primary alcohol can be made via Grignard 
reaction involving an epoxide. 


The forward synthetic scheme is illustrated here: 


1) Mg 
O 
ETAN Q 
Ph—Br > f\ +En 
3) H2O “n 
1) Mg 4) conc. H2SO4 Ee em 
oO heat 
2) /\ 8) RCO3H RCO3H 
ae 6) PhMgBr 
2 7) H2O 
8) cone. HS04 pr © 
heat 
NOH co conc. 
Ph 9) RCO3H HsS0, 
| conc heat 
H2SO4 
heat T 
Ph7 SS Ph 
(racemic) 
RCO3H wei 1) PhMgBr 
Ph 2) H20 
(racemic) 
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13.62. Since the Grignard reagent is both a strong base and a strong nucleophile, substitution and elimination can both 
occur. Indeed, they compete with each other. As we discussed in Chapter 7, elimination will be favored when the 
substrate is secondary. Both electrophilic positions in this epoxide are secondary, and so, elimination predominates: 


o> OH 


AH 1) EtMgBr z 
i 2) H2O 


13.63. In the first step, vinylmagnesium bromide is a powerful nucleophile and can attack the epoxide in a ring- 
opening reaction (attacking the less substituted carbon) to afford an alcohol. This alcohol is subsequently converted to 
an ether via a Williamson ether synthesis. Dihydroxylation of the terminal alkene with catalytic OsOs in the presence 
of NMO gives a mixture of diastereomeric diols. 


OH OCH; 
2 o. ph 1) CH2=CHMgBr e ph 1) NaH PE Ph 
: ao ana 
X Ph 2 H20 Ph 2) CHgl X Ph 
Ph A Ph B Ph 
cat. OsO4 
NMO 
OH OCH; OH OCH; 
HO OL UPh * wo A A Lo Ph 
X Ph X Ph 
c Ph D Ph 


13.64. A new carbon-carbon bond must be made between C6 and C7: 


3-bromo-1-propyne 


Epoxides are electrophilic functional groups and are subject to attack by a nucleophile. In order for the OH group to be 
ultimately positioned at C5, the nucleophile must attack the less substituted side of the epoxide (C6), which requires 
basic conditions (rather than acidic conditions, which often favors attack at the more substituted carbon). 

The nucleophile for this reaction must be made from 3-bromo-l-propyne, which can be achieved by 
treatment with magnesium, thereby forming the Grignard reagent: 


7 7 


© 0.7 
NS Mg mS isthesameas BrMg "xn 
Ne M NN b 
O 


1) H—CÆC—CHMgBr 
2) H3O* (work-up) 
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13.65. Let’s begin by drawing the trans-decalin system in a way that illustrates the chair conformation of each six- 


membered ring (as instructed by the problem statement). Assigning locants can be helpful in this situation, since they 
make it easier to place all of the substituents in the correct locations and in the correct configurations: 


The ¢trans-decalin structure imposes structural rigidity and limits the conformational freedom available to the 
compound. 


Now let’s consider the two faces of the z bond (the top face and the bottom face): 


ae, Top face of x bond 


is sterically encumbered 
TMSO L 


Bottom face of x bond 
is more accessible 
These two faces of the r bond are not equally accessible. That is, the compound is confined to a conformation in which 
one face of the n bond is more sterically encumbered than the other. This steric consideration is difficult to see in the 
drawing above, and can be visualized more clearly if we draw a Newman projection, looking down the C2-C3 bond. 


NS 


is sterically encumbered 
Look down 
1 this C-C bond 
and draw a 
Newman projection 


Tits 


wen’ 


Bottom face of n bond 
is more accessible 
he 


Since the bottom face of the m bond is more accessible, the epoxidation process will occur on that face, giving the 
following epoxide: 


OH 


(See Mechanism 8.6) 


Cl 


This epoxide is then opened with LiAIHs, and under these conditions, it is likely that the primary OH group will be 
deprotonated, giving a dianion: 
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13.66. 


(a) Epoxide 2 can be generated from allylic alcohol 1 via a Sharpless asymmetric epoxidation. The reagents for this 
reaction are: tert-butyl hydroperoxide, titanium tetraisopropoxide, and one enantiomer of diethyl tartrate (DET), 
depending on which epoxide enantiomer is required. In Figure 13.3, we saw a predictive tool for determining which 
enantiomer of DET would be required to afford epoxide 2. Allylic alcohol 1 is orientated so that the allylic hydroxyl 
group appears in the upper right corner, and then we can see that (-)-DET is required in order for the epoxide ring to be 
formed on the bottom face of the molecule, corresponding to compound 2. 


l 
J 


OH 
E a n OH 
z 
a 4 Ti[OCH(CHs)s14 ano" = 
o O 


PH i (-)-DET 


(b) In the first step, the epoxide group in compound 3 is protonated to form intermediate 5. Notice that the epoxide is 
unsymmetrical; on the left side, the epoxide carbon is secondary, and on the right side, it is tertiary. Under acidic 
conditions, and when the epoxide has a tertiary carbon, the dominant effect is electronic (more important than steric 
considerations), and a nucleophile will attack at this site (Section 13.10). In this example, the nucleophile that opens 
the epoxide is the oxygen atom of the pendant ester group, generating a resonance-stabilized intermediate (6) which 
exhibits a 5-membered ring. At this stage, the alcohol on the 2° carbon, which was generated from the epoxide opening, 
can attack to generate intermediate 7. And finally, deprotonation of 7 generates compound 4. 
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H 
Ph iA a W > Ph "ASS 
B’ p” 4 haa Ja 


O; 
2° (B) Attacks 
3 5 here 
Dominant Factor = 
electronic effect 
Hg H~o 
wy, [oN 2 
Ph Him ` QO: < Ph ae a a? H», O. 
“ = ark 
6 6 


Rotate about 
Il central C-C bond 


M~e ae. 7 OL H ote 


H~G: 07 So 


Ph Hing + Ph— Hin} — Os 
O 


13.67. 

(a) The conversion of 1 to 2 utilizes a Sharpless asymmetric epoxidation, so the product is expected to be an epoxide. 
The stereochemical outcome can be deduced by applying the paradigm provided in Figure 13.3. Since the chiral 
catalyst was formed using (—)-DIPT, which affords the same stereochemical outcome as (—)-DET, we can conclude that 
the epoxide forms “below the plane” of the alkene: 


THOCHGH Sa 


(-)-DIPT 


(b) First consider the reagents. Sodium hydroxide will deprotonate 2-ethoxyphenol to give a phenolate ion. 


OEt OEt 
‘O° i »o @ 5L No 
ADH HO: Na = 
— ae 


The phenolate ion can serve as a nucleophile and attack epoxide 2 in a ring-opening reaction. Nucleophilic attack 
occurs at the benzylic position (the carbon atom attached to the benzene ring) to form an alkoxide intermediate, that is 
protonated to give diol 3. 
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OEt 
o 
:0 
© oe 
OH 
H At LH 
OEt 
on 
HO 
3 OH 


(c) Treatment of 3 with TMSCI! in EtsN results in the selective protection of the less sterically hindered primary alcohol 
(rather than the secondary alcohol) to give 6. The secondary OH group of 6 is then converted to the mesylate with 
MsCl, thereby converting it into a good leaving group, as seen in compound 7. Subjecting 7 to aqueous acid results in 
the removal of the silyl protecting group to form 4 in which the primary alcohol group is revealed. The net result of 
these three reactions is the selective mesylation of the secondary OH group. 


OEt 
O 
MSCI 2 
EN EN 
MsO 


OTMS 7 OTMS 


(d) Treatment of 4 with aqueous NaOH results in deprotonation of the primary alcohol to give alkoxide 8, a strong 
nucleophile. This facilitates an intramolecular ring-forming reaction, with inversion of configuration at the carbon 
atom bearing the mesylate leaving group, to give compound 5. 


OEt OEt OEt 
O a I i 3 -MsO” 
“On. —— 
MsO ‘OH mso) j 
4 O> a E 


O 
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13.68 The desired product is an ether (ROR) in which 
one R group is a phenyl group and the other R group is a 
tertiary alkyl group. A Williamson ether synthesis 
requires the use of an alkoxide ion and an alkyl halide, 
but the alkyl halide cannot be a tertiary alkyl halide or a 
phenyl halide. Therefore, this compound cannot be 
made via a Williamson ether synthesis, so options (a), 
(c), and (d) are not viable. The correct answer is option 
(b), which is an alkoxymercuration-demercuration. This 
process adds H and OPh across the alkene in a 
Markovnikov fashion, giving the desired product. 


13.69 Acidic options are employed, so none of the 
intermediates should contain alkoxide ions, which are 
strong bases and therefore inconsistent with acidic 
conditions. So options (b) and (c) are not correct. 
Option (a) is a primary carbocation, which is too high in 
energy to form. The correct answer is (d). This is an 
example of an acid-catalyzed ring-opening reaction, with 


13.71. 


ethanol functioning as the nucleophile that opens the 
ring. In the first step of the mechanism, the epoxide is 
protonated, just as we would expect under acidic 
conditions. Then, this protonated epoxide is attacked by 
ethanol, opening the ring, and giving the intermediate 
shown in option (d). This intermediate is then 
deprotonated by ethanol to give the product. 


13.70 The starting material is an alkyl phenyl ether. 
The alkyl group is expected to be cleaved under these 
acidic conditions, giving an alkyl bromide, but the 
phenyl group (sp) is not cleaved: 


Ch xs HBr Ch 
A i A 
O OH Br 


The correct answer is (a). 


(a) As described in the problem statement, the hydroxyl group is first deprotonated to give an alkoxide ion, which 
functions as a nucleophile and participates in an intramolecular Sn2-type process in which the epoxide is opened and a 
new epoxide is formed (notice that back-side attack places the oxygen atom of the new epoxide on a dash). After 
protonation of the resulting alkoxide, the epoxide group can then be opened with a thiophenolate ion (PhS) to give 
another alkoxide, which is then protonated to give the observed product. 


(b) The allylic alcohol undergoes a Sharpless asymmetric epoxidation to give the following epoxide, which then 


undergoes the reaction explored in part (a). 


Ph Ph 6 
pa P S eee Ee ADT OH 
Ee TI[OCH(CH3)2]4 ei i9 
(+)-DET 
NaOH / H20, 
PhSH 
Ph OH 
pa A S 
Ph ae ia ~Ph 
OH 
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13.72. When compound 1 is treated with an electrophilic source of bromine, the alkene will readily react to form 
bromonium ion 3. At this stage there are two possibilities for further reactivity. Typically, with an OH group present in 
the compound, the OH group can function as a nucleophile and attack the bromonium ion to form an ether. For 
example, consider path A. If this were to occur, an 8-or 9-membered ring would be formed, depending on which side of 
the bromonium ion is attacked by the alcohol. However, since we do not see the formation of a medium-sized ring in 
the product, a different reaction pathway must be occurring. Consider the lone pairs on the oxygen atom which is part 
of the 4-membered cyclic ether. If one of these lone pairs were to attack the bromonium ion (path B), the result would 
be a 5-membered ring fused to the 4-membered ring (compound 4). However, this intermediate is not stable — the ring 
oxygen has 3 bonds and is positively charged. At this stage, if the free OH group reacts in an Sn2 fashion to open the 4- 
membered ring, followed by the loss of a proton, the product formed will have both the 5-membered cyclic ether and 
the epoxide: 


OSIR3 OSIR3 


13.73. 
(a) Oxymercuration-demercuration of an alkene affords an alcohol, via a Markovnikov addition. As such, we expect 
that compound 2 is the following hydration product: 


> ia 


OH 
2 


(b) Oxymercuration of compound 3 results in the addition of OH and HgOAc across the x bond, with the OH group 
being positioned at the more substituted position. Thus, compound 4 is the initial product of oxymercuration: 


OH 
(AcO)Hg A ~W2 
4 O 


This intermediate can theoretically be converted into the Markovnikov hydration product via demercuration. 


OH OH 
4 O (©) 
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However, before NaBHs is introduced, 4 can also continue to react under the oxymercuration conditions, where 
Hg(OAc)2 can behave as a Lewis acid. As shown, the Hg(OAc)2 can interact with the oxygen atom of the epoxide 
group, much like an epoxide interacts with a proton, to facilitate the intramolecular nucleophilic attack by the nearby 
hydroxyl group. This intramolecular cyclization reaction forms a five-membered ring. A final proton transfer step, 
followed by the demercuration step, results in one of the major cyclization products, 8. 


H z H.. 
(0) SO: 
AcO)H Lio 
(AcO)Hg ee, y acom, A NA —— » (AcO)Hg F Hg(OAc) 
: ® CVO 
4 O: PA | 
Hg K h oO 
OA 
_Hg a ic) Pe a 
AcO 70 CH3 


[Phe | Conc} 


AL \ st demercuration 
o $$ (AcO)Hg ie) 
8 


The other cyclization product, 7, is a result of an alternative cyclization reaction in which a six-membered ring is the 


product: 
Aue ~~ 
O: 

H_@ (0) Ov 
eon. A AW = D9 `HgOoac) ~> o Hg(OAc) 
02 'AcO)H (AcO)H 
® ‘Hg (AcO)Hg g 


OAc 
| demercuration 


O 
Ly 
7 


(c) Oxymercuration-demercuration of 1 can only result in a cyclic product if a four-membered ring is formed. Four- 
membered rings exhibit significant ring strain so their formation is slow under these conditions. 
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13.74. In the first step, iodine (the electrophile) adds to the terminal alkene to form an iodonium ion. Once formed, 
intramolecular attack of this intermediate by the pendant methoxy group occurs, resulting in the formation of a 6- 
membered ring. This intermediate, however, is not stable and is quickly trapped by the iodide ion, resulting in ring 
opening to form a stable product. In the second step, phenylsulfide displaces the iodide in an Sn2 fashion, followed by 
deprotonation of the resulting intermediate using triethylamine as a base. 


Step 1 
Me, :. 
OMe O: Ps E. O I 
I, J 72 ne I, p 
(0) — > (0) ig qo — (0) GO — > oO OMe 


Phe pro A X] pr A pn A A 


Step 2 


13.75. The epoxide in compound 2 has a tertiary carbon on the top side, and a primary carbon on the bottom side. 
Under acidic conditions, we saw that electronic effects override steric effects when there is a tertiary carbon on one side 
of the epoxide. If this line of reasoning were to govern product formation in this example, the alcohol should have 
attacked the top carbon. However, we know from looking at the structure of compound 2 that the alcohol must have 
attacked the primary carbon. Also of note is the stereochemistry at the ring opening site. After epoxide 1 is protonated, 
hexafluoro-2-propanol is expected to approach intermediate 3 from the bottom face of the molecule, resulting in 
compound 4. Again, this is not what we observe. 


Expected configuration 
(not observed) 
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As it turns out, when the epoxide is protonated, the neighboring oxygen atom is able to open the epoxide ring 
intramolecularly, resulting in a resonance-stabilized cation (4a and 4b). This oxonium ion can then be trapped by 
hexafluoro-2-propanol, which approaches from the top face of the molecule (the bottom face is blocked by the nearby 
methyl group, and peroxide bridge), producing compound 5. Finally, loss of a proton forms alcohol 2. 


Notice that this example does not violate the principles underlying electronic trends. Specifically, when there is an 
oxygen atom attached directly to one side of the epoxide, under acidic conditions, ring opening can occur at this site, 
because it results in a more stable (resonance-stabilized) cation. 
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Chapter 14 
Infrared Spectroscopy and Mass Spectrometry 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 14. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 
Vocabulary. 


e Spectroscopy is the study of the interaction between and 
e The difference in energy (AE) between vibrational energy levels is detennined by the nature 
of the bond. Ifa photon of light possesses exactly this amount of energy, the bond can absorb 


the photon to promote a excitation. 

e IR spectroscopy can be used to identify which are present in a 
compound. 

e The location of each signal in an IR spectrum is reported in terms of a frequency-related unit 
called 

e The wavenumber of each Rene is determined primarily by bond and the 

of the atoms sharing the bond. 

e The intensity of a signal is dependent on the of the bond giving rise to the 
signal. 

° C=C bonds do not produce signals. 

e Primary amines exhibit two signals resulting from stretching and 
Stretching. 

e Mass spectrometry is used to determine the and 


of a compound. 
e Electron impact ionization (EI) involves bombarding the compound with high energy 
, generating a radical cation that is symbolized by (M)™ and is called the 


molecular ion, or the ion. 

e Only the molecular ion and the cationic fragments are deflected, and they are then separated 
by their (m/z). 

e The tallest peak in a mass spectrum is assigned a relative value of 100% and is called the 

peak. 

e The relative heights of the (M)™ peak and the (M+1)" peak indicates the number of 

e A signal at M-15 indicates the loss of a group; a signal at M—29 indicates the loss 
of an group. 

° alkanes have a molecular formula of the form CyH2n+2. 


e Each double bond and each ring represents one degree of 


Review of Skills 


Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 
the end of Chapter 14. The answers appear in the section entitled Skil/Builder Review. 


14.1 Analyzing an IR Spectrum 


STEP 1- LOOK FOR BONDS | STEP 2-LOOK FOR BONDS| STEP 3-LOOK FOR BONDS 
BETWEEN 1600 AND 1850 cm BETWEEN 2100 AND 2300 cm? BETWEEN 2750 AND 4000 cm! 
GUIDELINES: GUIDELINES: GUIDELINES: 
C=O BONDS PRODUCE SIGNALS TRIPLE DRAW ALINE AT 3000 cm , AND LOOK FOR 
BONDS DO NOT PRODUCE SIGNALS OR C-H BONDS TO THE 

C=C BONDS GENERALLY PRODUCE LEFT OF THE LINE 

SIGNALS. SYMMETRICAL C=C BONDS DO 

NOT APPEAR AT ALL 


THE SHAPE OF AN O-H SIGNAL IS AFFECTED BY 
(DUE TO H-BONDING) 


PRIMARY AMINES EXHIBIT TWO N-H SIGNALS 
( AND STRETCHING) 
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14.2 Distinguishing Between Two Compounds Using IR Spectroscopy 


STEP 1- WORK METHODICALLY STEP 2 - DETERMINE IF ANY STEP 3- FOR EACH EXPECTED SIGNAL, 


THROUGH THE EXPECTED WILL BE PRESENT FOR COMPARE FOR ANY POSSIBLE DIFFERENCES 
OF EACH ONE COMPOUND BUT ABSENT FOR IN OR 
COMPOUND THE OTHER 


14.3 Using the Relative Abundance of the (M+1)” 
STEP 17 - FILL IN THE BOXES BELOW TO COMPLETE THE 


Peak to Propose a Molecular Formula 
STEP 2 - ANALYZE THE MASS OF 


FORMULA THAT CAN BE USED TO DETERMINE THE NUMBER OF THE MOLECULAR ION TO 
CARBON ATOMS IN A COMPOUND USING MASS SPECTROMETRY: DETERMINE IF ANY 
ARE PRESENT. 


Abundance of Cc) peak 
Abundance of( ) peak 


1.1% 


) x 100% 


14.4 Calculating HDI 


STEP 1 - REWRITE THE MOLECULAR FORMULA "AS IF" THE STEP 2 - DETERMINE WHETHER ANY H'S ARE MISSING. 
COMPOUND HAD NO ELEMENTS OTHER THAN C AND H, USING | EVERY TWOH'S REPRESENT ONE DEGREE OF UNSATURATION: 
THE FOLLOWING RULES: 

HoCl —> HDI = 
- ADD ONE H FOR EACH alee == 
- IGNORE ALL ATOMS Cag a Eo 
- SUBTRACT ONE H FOR EACH CHN —— HDI=____ 
5 A 
Mistakes to Avoid 


We have seen that the IR spectrum of an alkene will exhibit a signal near 1650 cm” (the characteristic 
signal for a C=C bond) if there is a dipole moment associated with the C=C bond. In such a case, the 
dipole moment changes as the C=C bond vibrates, creating an oscillating electric field that serves as an 
antenna to absorb the appropriate frequency of IR radiation. If the C=C bond does not have a dipole 
moment, then it cannot efficiently absorb IR radiation, and the signal near 1650 cm! will be absent. For 
example, consider the following two compounds: 


= 


will produce a signal 
near 1650 cm 


= 


will NOT produce a signal 
near 1650 cm 


Don’t be confused by the terms ‘symmetrical alkene’ and ‘unsymmetrical alkene’. We might refer to the 
first compound as an unsymmetrical alkene (in reference to the dipole moment), but the truth is that this 
alkene still does possess some symmetry (an axis of symmetry, as well as two planes of symmetry). 


Axis REG a pied Pi 
of ----- uy a CC -a =< oC S 
symmetry HaC H HaC H 


Plane of symmetry 


i 
a 


Plane of symmetry 


But these symmetry elements are not relevant for determining whether a C=C bond has a dipole moment, 
and therefore, they are not relevant for determining whether or not a C=C bond will produce a signal in an 
IR spectrum. When we refer to a symmetrical alkene, we are referring to the symmetry of the two vinylic 
positions: 


vinylic 
position 


vinylic 
position 


Bo i We 
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With this in mind, let’s consider the following alkene: 


Cl 
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= 


While this molecule does possess some symmetry, you should avoid falling into the trap of calling it a 
symmetrical alkene and erroneously deciding that the C=C double bond will not produce a signal. In fact, 
the dipole moment for this C=C bond is expected to be quite large (because of the combined inductive 
effects of the chlorine atoms. One vinylic position (the one connected to the two chlorine atoms) is more 
electron-deficient (6+) than the other vinylic position. As a result, this C=C bond is expected to produce a 


CI 


rather strong signal in the IR spectrum. 


Solutions 

14.1. 

(a) The C-H bond is expected to produce the signal 
with the largest wavenumber, because bonds to H 
typically produce high-energy signals (due to the low 
mass of the hydrogen atom). Among the remaining two 
bonds, the triple bond is stronger than the double bond, 
so we expect the double bond to produce the signal with 
lowest wavenumber. 


Increasing wavenumber 


C=C c=C 

(b) Each of the bonds in this case is a single bond. The 
C-H bond is expected to produce the signal with the 
larger wavenumber, because bonds to H typically 
produce high-energy signals (due to the low mass of the 
hydrogen atom). 


Increasing wavenumber 
< 


C—H Cc—C 

14.2. 

(a) This compound exhibits an sp? hybridized carbon 
atom that is connected to a hydrogen atom. As such, this 
C-H bond (highlighted) should produce a signal above 
3000 cm! (at approximately 3100 cm~’). 


> 3000 cm“ 


(b) This compound has three sp? hybridized carbon 
atoms, but none of them are connected to hydrogen 
atoms. And there are no sp hybridized carbon atoms. 
Therefore, we do not expect a signal above 3000 cml. 


(c) This compound has two sp hybridized carbon atoms, 
but neither of them are connected to hydrogen atoms. 
And there are no sp? hybridized carbon atoms. 
Therefore, we do not expect a signal above 3000 cm”!. 


(d) This compound exhibits an sp? hybridized carbon 
atom that is connected to a hydrogen atom. As such, this 
C-H bond (highlighted) should produce a signal above 
3000 cm”! (at approximately 3100 cm). 


XK > 3000 cm“ 
H 


(e) This compound has two sp? hybridized carbon atoms, 
but neither of them are connected to hydrogen atoms. 
And there are no sp hybridized carbon atoms. Therefore, 
we do not expect a signal above 3000 cm’. 


(£) This compound exhibits an sp hybridized carbon 
atom that is connected to a hydrogen atom. As such, this 
C-H bond (highlighted) should produce a signal above 
3000 cm”! (at approximately 3300 cm!). 


N 
\ 


> 3000 cm 


14.3. 

(a) One of the carbonyl groups (upper left) is not 
conjugated, so it is expected to produce a signal at 
approximately 1720 cm. The other carbonyl group 
(bottom right) is conjugated to a C=C m bond, so it is 
expected to produce a signal at approximately 1680 cm". 


O 


(0) 


lower wavenumber 
(carbonyl group is conjugated) 


(b) One of the ester groups (bottom right) is not 
conjugated, so it is expected to produce a signal at 


www.MyEbookNiche.eCrater.com 


492 CHAPTER 14 


approximately 1740 cm. The other carbonyl group 


(upper left) is conjugated to a C=C m bond, so it is 
expected to produce a signal at approximately 1710 cm. 


(©) 


lower wavenumber 
(carbonyl group is conjugated) 


(c) The carbonyl group of a ketone is expected to 
produce a signal at approximately 1720 cm", while the 
carbonyl group of an ester is expected to produce a 
signal at approximately 1740 cm”! 


O 
O 
lower wavenumber O 
(a ketone) 
higher wavenumber 
(an ester) 


14.4. The C=C x bond in the conjugated compound 
produces a signal at lower wavenumber (1600 cm!) 
because it has some single bond character, as seen in the 
third resonance structure below. This additional single 
bond character renders the C=C nr bond weaker (relative 
to the C=C x bond of the other compound, which does 
not exhibit any single bond character). 

= o n 
O oO 


A = wh 
2 
Pn 


single-bond 
character 


14.5. 
(a) The second compound has an electronegative 
chlorine atom, which withdraws electron density via 


induction. 
a 


This causes the two vinylic positions to experience 
different electronic environments. The vinylic position 
connected directly to the chlorine atom is expected to be 
more electron-poor (5+) than the other vinylic position 


(which is not directly connected to the chlorine atom). 
Therefore, the C=C bond in this compound has a larger 
dipole moment than the C=C bond in the other 
compound. As a result, we expect the chloroalkene to be 
more efficient at absorbing IR radiation (thereby 
producing a stronger signal). 


(b) The C=C bond in the compound shown below will 
have a larger dipole moment because one vinylic 
position is connected to two chlorine atoms while the 
other vinylic position is not directly connected to any 
chlorine atoms. As a result, the two vinylic positions are 
in very different electronic environments, giving rise to a 
large dipole moment. We therefore expect this C=C 
bond to be more efficient at absorbing IR radiation (and 
therefore produce a stronger signal). 


CI 


= 


Cl 


14.6. If we draw all significant resonance structures of 
2-cyclohexenone, we see that one of the vinylic positions 
is electron-deficient (highlighted in the third resonance 
structure): 


Oe Q 


As a result, the two vinylic positions experience very 
different electronic environments, giving rise to a large 
dipole moment. With a large dipole moment, this C=C 
bond is expected to be very efficient at absorbing IR 
radiation, thereby producing a strong signal. 


14.7. The vinylic C-H bond should produce a signal at 
approximately 3100 cm"!. 


~ 3100 cm 
H 


m 


14.8. The narrow signal is produced by the O-H 
stretching in the absence of a hydrogen bonding effect. 
The broad signal is produced by O-H stretching when 
hydrogen bonding is present. Hydrogen bonding 
effectively lowers the bond strength of the O-H bonds, 
because each hydrogen atom is slightly pulled away from 
the oxygen atom to which it is connected. A longer 
bond length (albeit temporary) corresponds with a 
weaker bond, which corresponds with a lower 
wavenumber. 
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14.9. 

(a) The broad signal between 3200 and 3600 cm"! is 
characteristic of an alcohol (ROH). 

(b) This spectrum lacks broad signals above 3000 cm“, 
so the compound is neither an alcohol nor a carboxylic 
acid (both of which produce broad signals that reach as 
high as 3600 cm’!). 

(c) The extremely broad signal that extends from 2200 to 
3600 cm! is characteristic of the O-H stretching of a 
carboxylic acid (RCO2H). The signal just above 1700 
cm! is also consistent with a carboxylic acid (for the 
C=O bond of the carboxylic acid). 

(d) This spectrum lacks broad signals above 3000 cm”!, 
so the compound is neither an alcohol nor a carboxylic 
acid (both of which produce broad signals that reach as 
high as 3600 cm’!). 

(e) The broad signal between 3100 and 3600 cm’! is 
characteristic of an alcohol (ROH). 

(f) The extremely broad signal that extends from 2200 to 
3600 cm! is characteristic of the O-H stretching of a 
carboxylic acid (RCO2H). The signal around 1700 cm"! 
is also consistent with a carboxylic acid (for the C=O 
bond of the carboxylic acid). 


14.10. 

(a) The strong signal just above 1700 cm! is consistent 
with the stretching of the carbonyl group (C=O) of a 
ketone. 

(b) The extremely broad signal that extends from 2200 to 
3600 cm! is characteristic of the O-H stretching of a 
carboxylic acid (RCO2H). The signal just above 1700 
cm’! is also consistent with a carboxylic acid (for the 
C=O bond of the carboxylic acid). 

(c) The signal at approximately 3400 cm! is consistent 
with the stretching of the N-H bond of a secondary 
amine. 

(d) The two signals at 3350 and 3450 cm"! are consistent 
with the stretching of the N-H bond (symmetric and 
asymmetric) of a primary amine. 

(e) The strong signal just above 1700 cm” is consistent 
with the stretching of the carbonyl group (C=O) of a 
ketone. 

(f) The broad signal between 3200 and 3600 cm” is 
characteristic of an alcohol (ROH). 


1 


14.11. The Csp—-H bonds can stretch symmetrically, 
asymmetrically, or in a variety of ways with respect to 
each other. Each one of these possible stretching modes 
is associated with a different wavenumber of absorption, 
giving a large number of overlapping peaks. 


14.12. 

(a) Begin by drawing a line at 1500 cm" and ignoring 
everything to the right (the fingerprint region). Then, 
look for any signals associated with double bonds 
(1600-1850 cm!) or triple bonds (2100-2300 cm’). In 
this case, there is a weak signal between 1600 and 1700 
cm’!, consistent with an alkene. Finally, we draw a line 
at 3000 cm", and we look for signals to the left of this 
line. In this case, there is a signal at approximately 3100 
cm“, which is consistent with a Csp—H bond of an 
alkene. Among the possible structures, the alkene is the 
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structure that is consistent with the signals in the 
spectrum. 


Z——™ 


(b) Begin by drawing a line at 1500 cm"! and ignoring 
everything to the right (the fingerprint region). Then, 
look for any signals associated with double bonds 
(1600-1850 cm’) or triple bonds (2100-2300 cm). In 
this case, there is a strong signal between 1700 and 1800 
cm'!, consistent with a carbonyl group. Among the 
possible structures, only two of them exhibit C=O bonds. 
One of these structures has carboxylic acid groups, and 
the spectrum does not match that compound (because 
that compound is expected to give a broad signal from 
2200-3600 cm”!, which is absent in our spectrum). The 
following structure (an ester) is consistent with the IR 
spectrum. 
(0) 


Pees 


(c) Begin by drawing a line at 1500 cm"! and ignoring 
everything to the right (the fingerprint region). Then, 
look for any signals associated with double bonds 
(1600-1850 cm!) or triple bonds (2100-2300 cnr). In 
this case, there are none. Next, we draw a line at 3000 
cm'!, and we look for signals to the left of this line. In 
this case, there are none. With no characteristic signals 
for any functional groups, this spectrum is consistent 
with an alkane. 


Pe N 


(d) The broad signal between 3200 and 3600 cm”! is 
characteristic of an alcohol (ROH). There is only one 
alcohol among the possible structures given. 


AA 


(e) The extremely broad signal that extends from 2200 to 
3600 cm’! is characteristic of the O-H stretching of a 
carboxylic acid (RCO2H). The signal just above 1700 
cm! is also consistent with a carboxylic acid (for the 
C=O bond of a carboxylic acid group). Notice that this 
signal appears to be comprised of two overlapping 
signals, which can likely be attributed to symmetric and 
asymmetric stretching of the two carboxylic acid groups. 


(©) O 


HO OH 


(£) The two signals at 3350 and 3450 cm”! are consistent 
with the stretching of the N-H bonds (symmetric and 
asymmetric) of a primary amine. There is only one 
primary amine among the possible structures given. 


xN NNk; 
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14.13. The following five signals are expected 
(presented in order of increasing wavenumber): 

1) The C=C bond (expected to be ~ 1650 cm!) 

2) The C=O bond of the carboxylic acid group (expected 
to be ~ 1720 cm’) 

3) All Csp\-H bonds (expected to be <3000 cm!) 

4) The Csp-H bond (expected to be ~ 3100 cm) 

5) The O-H bond of the carboxylic acid group (expected 
to be 2200 - 3600 cm!) 


14.14. 

(a) The starting material is an alcohol and is expected to 
produce a typical signal for an O-H stretch (a broad 
signal between 3200 and 3600 cm). In contrast, the 
product is a carboxylic acid and is expected to produce 
an even broader O-H signal (2200-3600 cm!) as a result 
of more extensive hydrogen bonding. Alternatively, the 
product can be differentiated from the starting material 
by looking for a signal at around 1720 cm'!. The product 
has a C=O bond and should exhibit this signal. The 
starting material lacks a C=O bond and will not show a 
signal at 1720 cm'!. 


(b) The starting material is an unsymmetrical alkyne and 
is expected to produce a signal at around 2200 cm!. In 
contrast, the product is an unsymmetrical alkene and is 
expected to produce a signal at around 1600 cm. Also, 
the product has Csp—H bonds that are absent in the 
starting material. The product is expected to have 
signals at around 3100 cm’, and the starting material 


will have no signal in that region. 


(c) The C=C bond in the starting material and the C=C 
bond in the product are each symmetrical and will not 
produce signals. However, the product has Csp—H bonds 
that are absent in the starting material. The product is 
expected to have a signal at around 3100 cm’, and the 
starting material will have no signal in that region. 


(d) The starting material will have two signals in the 
double-bond region: one for the C=O bond and one for 
the C=C bond. The product only has one signal in the 
double-bond region. It only has the signal for the C=O 
bond, which should be at a higher wavenumber (because 
the C=O bond is not conjugated in the product). 


14.15. The starting material has a cyano group (C=N) 
and is expected to produce a signal at approximately 
2200 cm"!. In contrast, the product is a carboxylic acid 
and is expected to produce a broad signal from 2200- 
3600 cm!, as well as a signal at 1720 cm! for the C=O 
bond. 


14.16. The starting material should have a C=O signal at 
1720 cm, while the product should have an O-H signal 
at 3200 — 3600 cm". 


14.17. 1-Chlorobutane is a primary substrate. When 
treated with sodium hydroxide, substitution is expected 
to dominate over elimination (see Chapter 7), but both 
products are expected to be obtained: 


NaOH 
7 ~™~ou + [NI 
major minor 


The substitution product is an alcohol and should have a 
broad signal from 3200 to 3600 cm!. The elimination 
product is an unsymmetrical alkene and is expected to 
give a C=C signal at approximately 1650 cm", as well as 
a Csp’-H signal at 3100 cm"!. 


14.18. 

(a) The first compound (called furan) has four carbon 
atoms, four hydrogen atoms and one oxygen atom, so it 
has the following molecular weight: 


MW = (4x12) + (4x1) + (16) = 68 


In contrast, the second compound (called 
cyclopentadiene) has five carbon atoms and six hydrogen 
atoms, so it has the following molecular weight: 


MW = (5x12) + (6x1) = 66 


These compounds have different molecular weights, so 
mass spectrometry can be used to distinguish between 
them. Specifically, the mass spectrum of furan is 
expected to have a molecular ion peak at m/z = 68, while 
the mass spectrum of cyclopentadiene is expected to 
have a molecular ion peak at m/z = 66. 


OÙ Q 
m/z = 68 m/z = 66 


(b) The first compound (benzene) has six carbon atoms 
and six hydrogen atoms, so it has the following 
molecular weight: 


MW = (6x12) + (6x1) = 78 


In contrast, the second compound (pyridine) has five 
carbon atoms, five hydrogen atoms, and one nitrogen 
atom, so it has the following molecular weight: 


MW = (5x12) + (5x1) + (14) = 79 


These compounds have different molecular weights, so 
mass spectrometry can be used to distinguish between 
them. Specifically, the mass spectrum of benzene is 
expected to have a molecular ion peak at m/z = 78, while 
the mass spectrum of pyridine is expected to have a 
molecular ion peak at m/z = 79. 
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14.19. 

(a) This compound does not have any nitrogen atoms. 
According to the nitrogen rule, this compound should 
have an even molecular weight. 

With five carbon atoms, ten hydrogen atoms and one 
oxygen atom, the molecular weight is calculated as 
follows: 


MW = (5x12) + (10x1) + (16) = 86 


Therefore, we expect the molecular ion peak to appear at 
m/z = 86. 


(b) This compound does not have any nitrogen atoms. 
According to the nitrogen rule, this compound should 
have an even molecular weight. 

With five carbon atoms, eight hydrogen atoms and two 
oxygen atoms, the molecular weight is calculated as 
follows: 


MW = (5x12) + (8x1) + (2x16) = 100 


Therefore, we expect the molecular ion peak to appear at 
m/z = 100. 


(c) This compound has one nitrogen atom. According to 
the nitrogen rule, this compound should have an odd 
molecular weight. 

With six carbon atoms, fifteen hydrogen atoms and one 
nitrogen atom, the molecular weight is calculated as 
follows: 


MW = (6x12) + (15x1) + (14) = 101 


Therefore, we expect the molecular ion peak to appear at 
m/z = 101. 


(d) This compound has two nitrogen atoms. According 
to the nitrogen rule, this compound should have an even 
molecular weight. 

With five carbon atoms, fourteen hydrogen atoms and 
two nitrogen atoms, the molecular weight is calculated as 
follows: 


MW = (5x12) + (14x1) + (2x14) = 102 


Therefore, we expect the molecular ion peak to appear at 
m/z = 102. 


14.20. 

(a) In order to determine the number of carbon atoms in 
the compound, we compare the relative heights of the 
(M+1)** peak and the (M)** peak, like this: 


1.7% 
38.3 % 


x 100% = 44% 
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This means that the (M+1)** peak is 4.4% as tall as the 
(M)** peak. Recall that each carbon atom in the 
compound contributes 1.1% to the height of the (M+1)** 
peak, so we must divide by 1.1% to determine the 
number of carbon atoms in the compound: 


44% _ 
1.1% 


Number of C = 


The compound contains four carbon atoms, which 
account for 4 x 12 = 48 amu (atomic mass units), but the 
molecular weight is 72 amu. So we must account for the 
remaining 72 — 48 = 24 amu. The molecular formula 
cannot be C4H24, because a compound with four carbon 
atoms cannot have that many hydrogen atoms. 

Therefore, there must be another element present. It 
cannot be a nitrogen atom as that would give an odd 
molecular weight (the nitrogen rule). So we try oxygen 
(16 amu), leaving only 8 amu for hydrogen atoms. This 
gives the following proposed molecular formula: 
C4Hs0. 


(b) In order to determine the number of carbon atoms in 
the compound, we compare the relative heights of the 
(M+1)** peak and the (M)** peak, like this: 


4.3% 
100 % 


x 100% = 4.3% 


This means that the (M+1)** peak is 4.3% as tall as the 
(M)** peak. Recall that each carbon atom in the 
compound contributes 1.1% to the height of the (M+1)*° 
peak, so we must divide by 1.1% to determine the 
number of carbon atoms in the compound: 


43% _ 


Number of C = 11% 


The compound contains four carbon atoms, which 
account for 4 x 12 = 48 amu (atomic mass units), but the 
molecular weight is 68 amu. So we must account for the 
remaining 68 — 48 = 20 amu. The molecular formula 
cannot be C4H20, because a compound with four carbon 
atoms cannot have that many hydrogen atoms. 

Therefore, there must be another element present. It 
cannot be a nitrogen atom as that would give an odd 
molecular weight (the nitrogen rule). So we try oxygen 
(16 amu), leaving only 4 amu for hydrogen atoms. This 
gives the following proposed molecular formula: 
C4H40. 


(c) In order to determine the number of carbon atoms in 
the compound, we compare the relative heights of the 
(M+1)** peak and the (M)** peak, like this: 


4.6% 
100 % 


x 100% = 46% 


www.MyEbookNiche.eCrater.com 


496 CHAPTER 14 


This means that the (M+1)'* peak is 4.6% as tall as the 
(M)** peak. Recall that each carbon atom in the 
compound contributes 1.1% to the height of the (M+1)** 
peak, so we must divide by 1.1% to determine the 
number of carbon atoms in the compound: 


4.6 % 


Number of C = 11% 


= 415 ~4 


The compound cannot have 4.15 carbon atoms. It must 
be a whole number, so we round to the nearest whole 
number, which is 4. That is, the compound contains four 
carbon atoms, which account for 4 x 12 = 48 amu 
(atomic mass units), but the molecular weight is 54 amu. 
So we must account for the remaining 54 — 48 = 6 amu. 
This indicates six hydrogen atoms, giving the following 
proposed molecular formula: C4He. 


(d) In order to determine the number of carbon atoms in 
the compound, we compare the relative heights of the 
(M+1)** peak and the (M)** peak, like this: 


15% 
19.0 % 


x 100% = 7.9% 


This means that the (M+1)" peak is 7.9% as tall as the 
(M)™ peak. Recall that each carbon atom in the 
compound contributes 1.1% to the height of the (M+1)** 
peak, so we must divide by 1.1% to determine the 
number of carbon atoms in the compound: 


7.9% 


age ee 


Number of C = 


The compound cannot have 7.2 carbon atoms. It must be 
a whole number, so we round to the nearest whole 
number, which is 7. That is, the compound contains 
seven carbon atoms, which account for 7 x 12 = 84 amu 
(atomic mass units), but the molecular weight is 96 amu. 
So we must account for the remaining 96 — 84 = 12 amu. 
This indicates twelve hydrogen atoms, giving the 
following proposed molecular formula: C7H12. 


14.21. The molecular formula of the first structure is 
CioHis0O, while the molecular formula of the second 
structure is CoH1402. Each compound is expected to 
exhibit a parent ion at m/z = 154, so the location of the 
parent signal cannot be used to differentiate these 
compounds. Instead, we can use the relative abundance 
of the (M+1)" peak. The following calculations show 
that the observed data are more consistent with a 
compound containing 10 carbon atoms, rather than 9. 


a expected abundance of (M+1)*° 
10 x 1.1% = 11% of (M)** 
(M+1)*° = 0.11 x 17.8% 


10 carbon atoms (M+1)** = 2.0% 


Pee 


9 carbon atoms 


expected abundance of (M+1)** 
9x 1.1% =9.9% of (M)** 
(M+1)** = 0.099 x 17.8% 
(M+1)** = 1.8% 


The first structure is expected to give an (M+1)™ peak 
with a relative abundance of 2.0%. Therefore, we 
conclude that the first structure is cis-rose oxide: 


O 
a 


cis-Rose oxide 


When comparing the relative abundance of the (M+1)” 
peaks in this particular case, the expected difference is 
quite small (1.8% vs. 2.0%), so other techniques will be 
more useful for differentiating these compounds, 
including high-resolution mass spectrometry (Section 
14.13). 

As a side note, these compounds can be easily 
distinguished by their strong odors: cis-rose oxide 
smells like roses, and the other compound 
(bicyclononalactone) smells like coconuts! 


14.22. 

(a) This fragment is M — 79, which is formed by loss of 
a Br. So the fragment does not contain Br. Also, the 
fragment has a smaller mass than a single bromine atom 
(77 <79). 


(b) Loss of bromide generates a phenyl cation, as shown: 


CBr 


O 


Note: This type of process readily occurs under the high 
energy conditions in a mass spectrometer, but this 
process is generally not otherwise observed, because 
phenyl carbocations are generally too high in energy to 
form at an appreciable rate during reactions performed in 
the laboratory. 


= Be © 
— 


m/z = 77 
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14.23. 

(a) There is not a significant (M+2)* peak, so neither 
bromine nor chlorine is present. 

(b) There is not a significant (M+2)* peak, so neither 
bromine nor chlorine is present. 

(c) The (M+2)* peak is approximately equivalent in 
height to the molecular ion peak, indicating the presence 
of a bromine atom. 

(d) The (M+2)* peak is approximately one-third as tall 
as the molecular ion peak, indicating the presence of a 
chlorine atom. 


14.24. 

(a) A peak at M-57 indicates the loss of a four-carbon 
radical fragment, which can result in the formation of a 
tertiary carbocation, as shown. This tertiary carbocation 
is the fragment responsible for the peak at M-57: 


+. 
e A + ANZ 
(M-57) 


Remember that the radical fragment (the butyl radical) is 
not detected by the mass spectrometer. 


(b) This carbocation is tertiary, and its formation is 
favored over the other possible secondary and primary 
carbocations. 
(c) They 
carbocations. 
(d) M-15 corresponds to loss of a methyl group. 
Indeed, loss of a methyl group would also produce a 
tertiary carbocation, but that pathway is less favorable 
because it involves formation of a methyl radical (which 
is less stable than a primary radical). 


readily fragment to produce tertiary 


14.25. 
cleavage: 


A fragment at M-29 should result from a 


-@ 
HO`> 


aN a-cleavage 


molecular ion 


© 


iy, HO: HC 
ZN a 
3 


resonance-stabilized 
(M-29) 


and a fragment at M-18 should result from dehydration: 


öp 
o —> Ka 


(M-13) 


+ 


+ H20 


molecular ion 
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14.26. A peak at M—43 indicates the loss of a three- 
carbon radical fragment, which can result in the 
formation of a tertiary carbocation, as shown. This 
tertiary carbocation is the fragment responsible for the 


+. 
ea . 
©) 


(M-43) 


Notice that this fragmentation results in a tertiary 
carbocation as well as a secondary radical. No other 
possible fragmentation results in more stable fragments, 
so we expect this fragmentation to occur more often than 
any other possible fragmentation. As a result, the signal 
at M-—43 is expected to be the most abundant signal in 
the spectrum (the base peak). 


14.27. In the first spectrum, the base peak appears at 
M-29, signifying the loss of an ethyl group. This 
spectrum is likely the mass spectrum of 
ethylcyclohexane. The second spectrum has a peak at 
M-15, signifying the loss of a methyl group. The second 
spectrum is likely the mass spectrum of 1,1l- 
dimethylcyclohexane. 


14.28. 

(a) If atomic masses are rounded to the nearest whole 
number, then both of these compounds have the same 
molecular weight (126 amu). However, when measured 
to four decimal places, these compounds do not have the 
same mass, and the difference is detectable via high- 
resolution mass spectrometry. 


OH 
HO OH 


m/z = 126.0315 m/z = 126.1404 


The calculation for each compound is shown here: 


C6H60O; = (6x12.0000) + (6x1.0078) + (3x15.9949) = 126.0315 amu 


CoHig = (912.0000) + (18x1.0078) = 126.1404 amu 


(b) If atomic masses are rounded to the nearest whole 
number, then both of these compounds have the same 
molecular weight (112 amu). However, when measured 
to four decimal places, these compounds do not have the 
same mass, and the difference is detectable via high- 
resolution mass spectrometry: 


Ox ; 
“ma 
O 


m/z = 112.0522 m/z = 112.1248 
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The calculation for each compound is shown here: 


CsHsQ> = (612.0000) + (8x1.0078) + (215.9949) = 112.0522 amu 


CsHis = (812.0000) + (16x1.0078) = 112.1248 amu 


14.29. 

(a) The first compound should have a broad signal 
between 3200 and 3600 cm", corresponding with O-H 
stretching. The second compound will not have such a 
signal. 

(b) The first compound should have a pair of strong 
signals around 1720 cm’, corresponding with symmetric 
and asymmetric stretching of the C=O bonds. In 
contrast, the second compound will have a weak signal at 
around 1650 cm, corresponding to the C=C bond. 


14.30. 

(a) A compound with six carbon atoms would require 
(2x6) + 2 = 14 hydrogen atoms to be fully saturated. 
This compound has only ten hydrogen atoms, so four 
hydrogen atoms are missing. The compound therefore 
has two degrees of unsaturation (HDI = 2). 


(b) A compound with five carbon atoms would require 
(2x5) + 2 = 12 hydrogen atoms to be fully saturated (the 
presence of the oxygen atom does not affect this 
calculation). | This compound has only ten hydrogen 
atoms, so two hydrogen atoms are missing. Therefore, 
the compound has one degree of unsaturation (HDI = 1). 


(c) A compound with the molecular formula CsHoN is 
expected to have the same HDI as a compound with the 
molecular formula CsHs. With five carbon atoms, the 
compound would need to have twelve hydrogen atoms to 
be fully saturated. With only eight hydrogen atoms, four 
are missing, representing two degrees of unsaturation 
(HDI = 2). 


(d) A compound with the molecular formula C3HsClO is 
expected to have the same HDI as a compound with the 
molecular formula C3H¢ (Cl is treated like H, while O is 
ignored). With three carbon atoms, the compound would 
need to have eight hydrogen atoms to be fully saturated. 
With only six hydrogen atoms, two are missing, 
representing one degree of unsaturation (HDI = 1). 


(e) A compound with ten carbon atoms would require 
(2 x 10) + 2 = 22 hydrogen atoms to be fully saturated. 
This compound has only twenty hydrogen atoms, so two 
hydrogen atoms are missing. The compound therefore 
has one degree of unsaturation (HDI = 1). 


(f) A compound with the molecular formula C4H6Br2 is 
expected to have the same HDI as a compound with the 
molecular formula C4Hs (each Br is treated like an H). 
With four carbon atoms, the compound would need to 
have ten hydrogen atoms to be fully saturated. With 
only eight hydrogen atoms, two are missing, representing 
one degree of unsaturation (HDI = 1). 


(g) A compound with six carbon atoms would require 
(2x6) + 2 = 14 hydrogen atoms to be fully saturated. 


This compound has only six hydrogen atoms, so eight 
hydrogen atoms are missing. The compound therefore 
has four degrees of unsaturation (HDI = 4). 


(h) A compound with the molecular formula C2Cle is 
expected to have the same HDI as a compound with the 
molecular formula C2H6 (each Cl is treated like an H). 
With two carbon atoms, the compound would need to 
have six hydrogen atoms to be fully saturated. No 
hydrogen atoms are missing, representing zero degrees 
of unsaturation (HDI = 0). 


(i) A compound with the molecular formula C2H402 is 
expected to have the same HDI as a compound with the 
molecular formula C2H4 (the oxygen atoms can be 
ignored for purposes of calculating HDI). With two 
carbon atoms, the compound would need to have six 
hydrogen atoms to be fully saturated. With only four 
hydrogen atoms, two are missing, representing one 
degree of unsaturation (HDI = 1). 


(j) A compound with the molecular formula 
Cio0H200Cl2016 is expected to have the same HDI as a 
compound with the molecular formula C100H202 (each Cl 
is treated like an H, and all of the oxygen atoms are 
ignored). No hydrogen atoms are missing, representing 
zero degrees of unsaturation (HDI = 0). 


14.31. A compound with the molecular formula 
C3HsClO2 is expected to have the same HDI as a 
compound with the molecular formula C3H6 (the Cl is 
treated like an H, and both oxygen atoms are ignored). 
Both C3HsClOz and C3H6 have one degree of 
unsaturation. 


14.32. Strigol has four rings (numbered below) and five 
double bonds (highlighted below), for a total hydrogen 
deficiency index of nine: 


NH 7) O SO 
Y 
3 
H OT So 


If saturated, a compound with 19 carbon atoms would 
have 40 hydrogen atoms (19x2 + 2), but an HDI of nine 
means that 18 hydrogen atoms are missing. So there 
must be 22 hydrogen atoms in the formula (40-18=22). 
Inspection of the structure also reveals six oxygen atoms, 
so the molecular formula of strigol must be Ci9H2206. 


14.33. The range between 1600 and 1850 cm"! is 
associated with the stretching of double bonds. Each of 
the compounds in this problem exhibits at least one 
double bond, if not two. 

(a) The carbonyl group is conjugated so it is expected to 
produce a signal near 1680 cm`!. The C=C double bond 
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is conjugated so it is expected to produce a signal near 
1600 cm'!. 


(c) The carbonyl group of an ester will typically produce 
a signal near 1740 cm". 


~ 1680 cm“ 


-1 
~ 1600 cm’ O ~ 1740 cm 


(©) 


(d) The carbonyl group of the ester is conjugated so it is 
expected to produce a signal near 1710 cm™!. The C=C 
double bond is conjugated so it is expected to produce a 
signal near 1600 cm". 


(b) The carbonyl] group is isolated (not conjugated) so it 
is expected to produce a signal near 1720 cm!. The 
C=C double bond is also isolated so it is expected to 
produce a signal near 1650 cm". 

~ 1700 cm“ 


~ 1720 cm 
~ 1600 cm“! O 


SS ~ 1650 cm 


14.34. The signals at highest wavenumber are expected to be associated with X-H bonds (because hydrogen has the 
lowest atomic mass). Among the list of bonds in the problem statement, there are three bonds that belong to this 
category (O-H, N—-H, and C-H). These three bonds are expected to produce signals at approximately 3600, 3400, and 
3100 cm", respectively. Among the remaining bonds, the triple bond has the next highest wavenumber, followed by 


the double bonds (the C=O bond has a higher wavenumber than the C=C bond), followed by the C—O single bond. 


Increasing Wavenumber 


\ 
O—H N—H H R- 
f f | f 
~ 3600 cm! ~ 3400 cm! ~ 3100 cm! 


14.35. 

(a) In addition to the Csp'—H stretching signals that are 
expected to appear just below 3000 cm'!, the C=N bond 
and the C=O bond should each produce a signal in the 
double bond region (1600 — 1850 cm’!). 

(b) In addition to the Csp—H stretching signals that are 
expected to appear just below 3000 cm”, the Csp-H 
bond should produce a signal near 3100 cm!, and the 
C=C bond should produce a signal in the double bond 
region (1600 — 1850 cm’). 

(c) In addition to the Csp—H stretching signals that are 
expected to appear just below 3000 cm'!, the C-H 
bonds should produce a signal near 3100 cm, and the 
C=C bond and the C=O bond should each produce a 
signal in the double bond region (1600 — 1850 cm’). 
The two C=C bonds should also produce two signals 
around 2200 cm’!, and the Csp—H bond should produce a 
signal around 3300 cm!. 


7 a T ye 


~ 2200 cm1 


~ 1720 cm! ~1650cm1! ~ 1000 cm 


(d) In addition to the Csp—H stretching signals that are 
expected to appear just below 3000 cm", the C=O bond 
should produce a signal in the double bond region 
around 1720 cm!, and the O-H of the carboxylic acid 
group should produce a very broad signal from 2200 — 
3600 cm. 


14.36. 

(a) The IR spectrum of the reactant should have a signal 
near 1650 cm‘! (for the C=C bond) and a signal near 
3100 cm! (for the Cs—-H bond). In contrast, the IR 
spectrum of the product should not exhibit either of these 
signals. 


(b) The IR spectrum of the reactant should have a broad 
signal from 3200 — 3600 cm! (for the O-H bond), while 
the IR spectrum of the product should not exhibit this 
signal, and instead should have a strong signal near 1720 
cm”! (for the C=O bond). 
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(c) The C=O bond of an ester should produce a signal at 
higher wavenumber (~1740 cm!) than the signal 
associated with the C=O bond of a ketone (~1720 cm’). 


(d) The IR spectrum of the reactant should have a signal 
near 1650 cm! (for the C=C bond) and a signal near 
3100 cm! (for the Csp—-H bonds). In contrast, the IR 
spectra of the products should not exhibit either of these 
signals. Instead, they should have signals near 1720 cm"! 
(for the C=O bonds). 


(e) The IR spectrum of the product should have a signal 
near 1650 cm“! (for the C=C bond) and a signal near 
3100 cm! (for the Cs—H bond). In contrast, the IR 
spectrum of the reactant should not exhibit either of 
these signals. 


14.37. 

(a) The IR spectrum of this compound is expected to 
exhibit Csp—H signals just below 3000 cmt, and a C=O 
signal near 1720 cm’. 

(b) The IR spectrum of this compound is expected to 
exhibit Csp\-H signals just below 3000 cm“, and a C=O 
signal near 1680 cm’! (conjugated), and a C=C signal 
near 1600 cm! (conjugated), and a Csp-H signal near 
3100 cm". 

(c) The IR spectrum of this compound is expected to 
exhibit Csp\-H signals just below 3000 cm“, and a C=O 
signal near 1720 cm"! and a C=C signal near 1650 cm! 
and a Csp’-H signal near 3100 cm’. 

(d) The IR spectrum of this compound is expected to 
exhibit Csp\-H signals just below 3000 cm”, and a C=C 
signal near 1650 cm! and a broad O-H signal in the 
range of 3200 — 3600 cm! and a Csp-H signal near 3100 
cm”! 

(e) The IR spectrum of this compound is expected to 
exhibit Csp—H signals just below 3000 cmt, and a C=O 
signal near 1720 cm’! and an extremely broad O-H signal 
in the range of 2200 — 3600 cm". 

(f) The IR spectrum of this compound is expected to 
exhibit Csp'-H signals just below 3000 cm’, and a C=O 
signal near 1720 cm! and a broad O-H signal in the 
range of 3200 — 3600 cm’. 


14.38. The molecular ion peak appears at m/z = 86, so 
the compound must have a molecular weight of 86 amu. 
Each carbon atom contributes 12 amu, and each 
hydrogen atom contributes 1 amu. So, we begin by 
considering the following possibilities, each of which has 
one degree of unsaturation (as required by the problem 
statement). 


C4Hs = (4x12) + (8x1) = 56 amu 
CsH10 = (5x12) + (10x1) = 70 amu 
CoHi2 = (6x12) + (12x1) = 84 amu 


None of these possibilities exhibits the correct molecular 
weight. The closest is CsH12, but we are short by two 
amu (86 — 84 = 2 amu). If we add two hydrogen atoms 
(to give CoHi4) then the compound will no longer have 
one degree of unsaturation (it would be fully saturated). 


So, we consider CsH10, which has a molecular weight of 
70 amu. In order to get this number up to 86, we are 
missing 16 amu, which is exactly the weight of an 
oxygen atom. So, a compound with the molecular 
formula CsHi00 will have a molecular weight of 86 amu 
(and still has one degree of unsaturation, because the 
insertion of an oxygen atom does not affect the HDI). 
There are certainly many acceptable answers to this 
problem. For example, a compound with the molecular 
formula C4HioN2 will have a molecular weight of 86 
amu and its structure will have one degree of 
unsaturation. 


14.39. The problem statement indicates that the 
(M+1)** peak is 10% as tall as the (M)** peak. Recall 
that each carbon atom in the compound contributes 1.1% 
to the height of the (M+1)** peak, so we must divide by 
1.1% to determine the number of carbon atoms in the 
compound: 

10% 


Number of C = 11% 


=91~9 


The compound cannot have 9.1 carbon atoms. It must be 
a whole number, so we round to the nearest whole 
number, which is nine. That is, the compound contains 
nine carbon atoms. 


14.40. We begin by determining the molecular formula 
and molecular weight of each compound: 


cl NH> OH Br 
CgHsCl CgH7N CgHgO CgHsBr 
(MW=112) (MW=93) (MW=94) (MW=156) 


Each of these compounds has a different molecular 
weight, so we should be able to use match each 
compound with its spectrum if we focus on the 
molecular ion peak in each case. 

Chlorobenzene (CsHsCl) is consistent with spectrum (b) 
which has an (M)** peak at m/z = 112, as well as an 
(M+2)** peak that is one-third the height of the (M)* 
peak (characteristic of an organochloride). 

Aniline (CoH7N) is consistent with spectrum (c) which 
has an (M)** peak at m/z = 93 (which is an odd number, 
consistent with the nitrogen rule). 

Phenol (C6H6O) is consistent with spectrum (a) which 
has an (M)** peak at m/z = 94. 

Bromobenzene (Ce6HsBr) is consistent with spectrum (d) 
which has an (M)** peak at m/z = 156, as well as an 
(M+2)** peak that is approximately the same height as 
the (M)** peak (characteristic of an organobromide). 


14.41. 

(a) The broad signal between 3200 and 3600 cm! 
indicates the presence of an OH group. The signals 
between 1600 and 1700 cm” indicate the presence of 
double bonds. 
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(b) In order to determine the number of carbon atoms in 
the compound, we compare the relative heights of the 
(M+1)** peak and the (M)"* peak, like this: 


3.9 % 
27.2% 


x 100% = 14.3% 


This means that the (M+1)** peak is 14.3% as tall as the 
(M)** peak. Recall that each carbon atom in the 
compound contributes 1.1% to the height of the (M+1)** 
peak, so we must divide by 1.1% to determine the 
number of carbon atoms in the compound: 


14.3% _ 


Number of C = 11% ` 


Our analysis reveals that the compound likely has 
thirteen carbon atoms. 


(c) The molecular ion peak appears at m/z = 196, so the 
compound must have a molecular weight of 196 amu. 
Each carbon atom contributes 12 amu, and each 
hydrogen atom contributes 1 amu. So, we begin by 
considering the following possibilities, each of which has 
two degrees of unsaturation (as required by the problem 
statement). 


C2H2 = (12x12) 
Ci3H4 = (13x12) 
Cı4H26 = (14x12) 


(22x1) = 166 amu 
(24x1) = 180 amu 
(26x1) = 194 amu 


None of these possibilities exhibits the correct molecular 
weight. The closest is Ci4H26, but we are short by two 
amu (196 — 194 = 2 amu). If we add two hydrogen 
atoms (to give Ci4H2s), then the compound will no 
longer have two degrees of unsaturation (it would only 
have one degree of unsaturation). So, we consider 
Ci3H24, which has a molecular weight of 180 amu. In 
order to get this number up to 196, we are missing 16 
amu, which is exactly the weight of an oxygen atom. So, 
a compound the molecular formula C13H24O will have a 
molecular weight of 196 amu (and still has two degrees 
of unsaturation, because the insertion of an oxygen atom 
does not affect the HDD. 

There are certainly many acceptable answers to this 
problem. For example, a compound with the molecular 
formula Ci2H24N2 will have a molecular weight of 196 
amu and its structure will have two degrees of 
unsaturation. 


14.42. 
(a) Each of these compounds has the molecular formula 
CoHi2. 

Cyclohexane 2-methyl-2-pentene 


(CgH 12) (CgH.2) 
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(b) A compound with six carbon atoms would require 
(6x2) + 2 = 14 hydrogen atoms to be fully saturated. 
Each of these compounds has only twelve hydrogen 
atoms, so each compound is missing two hydrogen 
atoms. Therefore, each of these compounds has one 
degree of unsaturation (HDI = 1). 


(c) No. Both compounds have exactly six carbon atoms 
and twelve hydrogen atoms, so each of these compounds 
will produce an (M)** peak with the same m/z, even with 
high resolution mass spectrometry. 


CoHi2 = (6x12.0000) + (12x1.0078) = 84.0936 amu 


(d) The IR spectrum of the alkene would have a signal 
near 1650 cm”! for the C=C bond and another signal near 
3100 cm! for the Csp—H bond. The IR spectrum of 
cyclohexane lacks both of these signals. 


14.43. The parent ion for 1-ethyl-1-methylcyclohexane 
is expected to appear at m/z = 126 (calculation below). 


1-Ethyl-1-methylcyclohexane 
(CoH) 


MW of CoHis = (9x12) + (18x1) 


126 amu 


If the parent ion appears at m/z = 126, then the signal that 
appears at m/z = 111 is at (M-15), which corresponds 
with the loss of a methyl group. The signal at m/z = 97 is 
at (M-29), which corresponds with the loss of an ethyl 


group. Both fragmentations lead to a tertiary 
carbocation: 
= (M-15) 
Yo s © + * CH2CH3 
(M-29) 
14.44. 


(a) This fragment appears at (M—15), which corresponds 
with the loss of a methyl group. Therefore, this fragment 
still contains the bromine atom. As such, we do expect a 
signal at M-13 that is equal in height to the M-15 peak 
(because there are two isotopes of bromine in roughly 
equal abundance). 
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(b) This fragment appears at (M-29), which 
corresponds with the loss of an ethyl group. Therefore, 
this fragment still contains the bromine atom. As such, 
we do expect a signal at M-27 that is equal in height to 
the M-29 peak (because there are two isotopes of 
bromine in roughly equal abundance). 


(c) This fragment appears at M-79, which corresponds 
with the loss a bromine atom. Therefore, the fragment 
no longer contains bromine. As such, we do not expect a 
signal at M-77 (which we would only observe if the 
fragment still contained the bromine atom). 


14.45. As seen in Chapter 7, the choice of base affects 
the regiochemical outcome. Ethoxide favors the more- 
substituted (Zaitsev) product, while tert-butoxide favors 
the less-substituted (Hofmann) product. 


NaOEt > ( 
> 
Br 


Zaitsev product 


N, -BuOK AY 


Hofmann product 


The Zaitsev product is a symmetrical alkene, and as 
such, its IR spectrum will not exhibit a signal at 1650 
cm’! (where the signals for C=C bonds typically appear) 
or a signal at 3100 cm"! (because this compound contains 
no Csp—H bonds). In contrast, the Hofmann product will 
display both of these signals in its IR spectrum. 


14.46. 

(a) 

The molecular ion peak appears at m/z = 66, so the 
compound must have a molecular weight of 66 amu. 
Each carbon atom contributes 12 amu, and each 
hydrogen atom contributes 1 amu. Five carbon atoms 
will account for 60 amu, leaving 6 amu for hydrogen 
atoms. 

C5H6 = (5x12) + (6x1) = 66 amu 


The compound cannot have six carbon atoms, because 
that would exceed the known molecular weight (6x12 = 
72 amu). And the compound cannot have four carbon 
atoms, because then we would not reach 66 amu even if 
the compound is fully saturated: 


CaHi0 = (4x12) + (10x1) = 58 amu 
A hydrocarbon with four carbon atoms cannot have more 
than ten hydrogen atoms. 


(b) The molecular ion peak appears at m/z = 70, so the 
compound must have a molecular weight of 70 amu. 
Each carbon atom contributes 12 amu, and each 


hydrogen atom contributes 1 amu. The signal in the IR 
spectrum indicates the presence of a carbonyl group 
(C=O), so we must also account for at least one oxygen 
atom, which contributes 16 amu. If we start with four 
carbon atoms (4 x 12 = 48), and one oxygen atom (16), 
we get a total of 48 + 16 = 64 amu, which is just 6 amu 
short of the known molecular weight (70 amu). Six 
hydrogen atoms will supply the remaining 6 amu, giving 
the molecular formula C4H6O. 


14.47. 
(a) Octane is a saturated alkane with the molecular 
formula CsHis. The molecular weight of octane is 
calculated here: 

CsHig = (8x12) + (18x1) 


114 amu 


Therefore, the molecular ion peak is expected to appear 
at m/z = 114, and indeed, that peak can be seen in the 
spectrum. 


(b) The base peak is (by definition) the tallest peak in 
the spectrum, which appears at m/z = 43. 


(c) The base peak (at m/z = 43) corresponds with the loss 
of a radical fragment that is 114 — 43 = 71 amu. That is, 
the base peak is at (M-71), which corresponds with the 
loss of a pentyl radical to give a propyl cation, as shown 
here. 


14.48. 

(a) A compound with four carbon atoms would require 
(2x4) + 2 = 10 hydrogen atoms to be fully saturated. 
This compound has only six hydrogen atoms, so four 
hydrogen atoms are missing. The compound therefore 
has two degrees of unsaturation (HDI = 2). 


(b) A compound with five carbon atoms would require 
(2x5) + 2 = 12 hydrogen atoms to be fully saturated. 
This compound has only eight hydrogen atoms, so four 
hydrogen atoms are missing. The compound therefore 
has two degrees of unsaturation (HDI = 2). 


(c) A compound with 40 carbon atoms would require 
(2x40) + 2 = 82 hydrogen atoms to be fully saturated. 
This compound has only 78 hydrogen atoms, so four 
hydrogen atoms are missing. The compound therefore 
has two degrees of unsaturation (HDI = 2). 


(d) A compound with 72 carbon atoms would require 
(2x72) + 2 = 146 hydrogen atoms to be fully saturated. 
This compound has only 74 hydrogen atoms, so 72 
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hydrogen atoms are missing. The compound therefore 
has 36 degrees of unsaturation (HDI = 36). 


(e) A compound with the molecular formula C6H6O2 is 
expected to have the same HDI as a compound with the 
molecular formula C6H6 (the oxygen atoms can be 
ignored for purposes of calculating HDI). With six 
carbon atoms, the compound would need to have 
fourteen hydrogen atoms to be fully saturated. With only 
six hydrogen atoms, eight are missing, representing four 
degrees of unsaturation (HDI = 4). 


(f) A compound with the molecular formula C7H9NO?2 is 
expected to have the same HDI as a compound with the 
molecular formula C7Hs (the oxygen atoms can be 
ignored, and we subtract one H because of the presence 
of an N). With seven carbon atoms, the compound 
would need to have sixteen hydrogen atoms to be fully 
saturated. With only eight hydrogen atoms (in C7Hs), 
eight are missing, representing four degrees of 
unsaturation (HDI = 4). 


(g) A compound with the molecular formula CsHioN2O 
is expected to have the same HDI as a compound with 
the molecular formula CsHs (the oxygen atom can be 
ignored, and we subtract one H for each N). With eight 
carbon atoms, the compound would need to have 
eighteen hydrogen atoms to be fully saturated. With 
only eight hydrogen atoms (in CsHs), ten are missing, 
representing five degrees of unsaturation (HDI = 5). 


(h) A compound with the molecular formula CsH7Cl is 
expected to have the same HDI as a compound with the 
molecular formula CsHio (each Cl is treated like an H). 
With five carbon atoms, the compound would need to 
have twelve hydrogen atoms to be fully saturated. With 
only ten hydrogen atoms (in CsHio), two are missing, 
representing one degree of unsaturation (HDI = 1). 


(i) A compound with the molecular formula CsHsBr is 
expected to have the same HDI as a compound with the 
molecular formula C6H6 (Br is treated like H). With six 
carbon atoms, the compound would need to have 
fourteen hydrogen atoms to be fully saturated. With only 
six hydrogen atoms, eight are missing, representing four 
degrees of unsaturation (HDI = 4). 


(j) A compound with the molecular formula C6H1206 is 
expected to have the same HDI as a compound with the 
molecular formula CoHi2 (the oxygen atoms can be 
ignored for purposes of calculating HDI). With six 
carbon atoms, the compound would need to have 
fourteen hydrogen atoms to be fully saturated. With only 
twelve hydrogen atoms, two are missing, representing 
one degree of unsaturation (HDI = 1). 


14.49. The compound contains only carbon atoms and 
hydrogen atoms, and there is a signal in the IR spectrum 
at 3300 cm", indicating a Csp-H bond. That is, the 
compound is a terminal alkyne. There are only two 
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terminal alkynes with the molecular formula CsHs, 


shown here: 
= 


e 


14.50. Limonene is a hydrocarbon, which means that it 
contains only carbon atoms and hydrogen atoms. That 
is, we must account for the entire molecular weight (136 
amu) with only carbon atoms (12 amu) and hydrogen 
atoms (1 amu). With two double bonds and one ring, the 
compound has three degrees of unsaturation. So, we 
begin by considering the following possibilities, each of 
which has three degrees of unsaturation (as required by 
the problem statement). 


C9H14 = (9 x 12) + (14 x 1) = 122 amu 
CioHie = (10 x 12) + (16 x 1)= 136 amu 
CiuHig=(11 x 12) + (18 x 1)= 150 amu 


The middle possibility (CioHis) matches exactly (136 
amu). 


14.51. Let’s begin by drawing the structures of the 
compounds that must be distinguished: 


4 Br 4 


2-Bromo- 
3-methyl-2-butene 


1-Bromo- 
3-methyl-2-butene 


Both of these compounds contain an unsymmetrical C=C 
bond that is expected to produce a signal in the range 
between 1600 and 1700 cm', so we cannot use that 
signal to distinguish the compounds. Next we consider 
any other signals that are expected to appear in the 
diagnostic region (1600 — 4000 cm'). Neither compound 
has a triple bond so the region between 2100 and 2300 
cm! won’t be helpful. So we look to the region of the 
spectrum that has signals from X-H bonds. The first 
compound does indeed have a Csp—H bond that is absent 


in the second compound: 
m,n = 
H Br 
no Cs2-H 


Cs2-H 


As such, the IR spectrum of the first compound is 
expected to exhibit a signal near 3100 cm, while the IR 
spectrum of the second compound is not expected to 
have any signals above 3000 cm!. These compounds 
can therefore be distinguished by looking for a signal at 


3100 cm”! in the IR spectrum of each compound. 


14.52. The compound can exhibit intramolecular 
hydrogen bonding even in dilute solutions, as shown 
here: 
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intramolecular 
hydrogen bonding 


H 
H 
~o” `o 
1 Lee 
2 4 


14.53. Each nitrogen atom in the molecular formula of 
a compound should contribute 0.37% to the (M+1)* 
peak. Three nitrogen atoms therefore contribute the 
same amount (1.1%) as one carbon atom. A compound 
with the molecular formula CsHi1N3 should have an 
(M+1)* peak that is 9.9% as tall as the molecular ion 
peak. If the molecular ion peak is 24% of the base peak, 
then the (M+1)™ peak must be 2.4% of the base peak. 


14.54. A compound with the molecular formula C4HsO 
is expected to have the same HDI as a compound with 
the molecular formula C4Hg (the oxygen atom can be 
ignored for purposes of calculating HDI). With four 
carbon atoms, the compound would need to have ten 
hydrogen atoms to be fully saturated. With only eight 
hydrogen atoms, two are missing, representing one 
degree of unsaturation (HDI = 1). A compound with one 
degree of unsaturation must contain either one double 
bond or one ring (but not both). The IR spectrum 
indicates the presence of a C=O bond, which accounts 
for the one degree of unsaturation (this means that the 
compound does NOT have a ring). 

In the absence of a ring, there are only two ways to 
connect four carbon atoms (linear or branched): 


A 


Branched 


a 


Linear 


Let’s begin with the linear skeleton. There are two 
unique locations on the linear skeleton where a C=O 
bond can be placed (either at C1 or at C2): 


O 
f 2 4 D 


Placing the C=O bond at C3 would be the same as 
placing it at C2. Similarly, placing the C=O bond at C4 
would be the same as placing it at C1. 

Next we turn to the branched skeleton. We cannot place 
a C=O bond at the central position, because that would 


violate the octet rule: 


t 


C=O bond can't be here, 
because carbon can't have five bonds 


And the remaining three positions are all identical. 
Placing the C=O bond at any of these three positions will 
give the same aldehyde: 


H 


O 


In summary, there are only three possible structures that 
have the molecular formula C4HsO and contain a C=O 
bond: 


WN Cc T 


14.55. A compound with the molecular formula CaHsO 
is expected to have the same HDI as a compound with 
the molecular formula C4Hg (the oxygen atom can be 
ignored for purposes of calculating HDI). With four 
carbon atoms, the compound would need to have ten 
hydrogen atoms to be fully saturated. With only eight 
hydrogen atoms, two are missing, representing one 
degree of unsaturation (HDI = 1). A compound with one 
degree of unsaturation must contain either one double 
bond or one ring (but not both). The IR spectrum does 
not have signals between 1600 and 1850 cm, which 
indicates the absence of either a C=O bond or an 
unsymmetrical C=C bond (and a symmetrical double 
bond is not possible because the compound has only one 
oxygen atom). Therefore, the structure likely contains a 
ring. With four carbon atoms, there are only two 
different types of rings that are possible (a four- 
membered ring or a three-membered ring): 


O À 


The broad signal between 3200-3600 cm’! indicates an 
OH group, so our structure must include an OH group. 
There is only one unique location where an OH group 
can be placed on a four-membered ring: 


OH 


mg 


Placement of the OH group at any other location would 
give the same compound (cyclobutanol). However, there 
are three unique locations where the OH group can be 
placed on the other skeleton (containing the three- 


membered ring): 


Our methodical analysis has revealed that there are four 
constitutional isomers with the molecular formula CsHsO 
that contain one ring and an OH group: 
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OH on 
a K x À 
OH 
Four possible 
stereoisomers 


14.56. A signal at 2200 cm”! signifies the presence of a 
C=C bond. There are only two possible constitutional 
isomers: 1-butyne or 2-butyne. The latter is symmetrical 
and would not produce a signal at 2200 cm'!. The 
compound must be 1-butyne. 


14.57. The IR spectrum has a strong signal just above 
1700 cm'!, which indicates that the compound has a C=O 
bond. The mass spectrum has a molecular ion peak at 
m/z = 86, which indicates a molecular weight of 86. The 
base peak is at M—43, indicating the loss of a propyl 
group. The compound likely has a three carbon chain 
(either a propyl group or isopropyl group) as shown in 
the following two structures. 


O oO 


An 


14.58. The IR spectrum has a narrow signal near 2100 
cm’!, which indicates the presence of a triple bond. In 
addition, the signal at 3300 cm! is consistent with a 
Csp-H bond, which indicates that the compound is a 
terminal alkyne. The mass spectrum has a molecular ion 
peak at m/z = 68, which indicates a molecular weight of 
68 amu. So we are looking for terminal alkynes with a 
molecular weight of 68 amu. Recall that each carbon 
atom contributes 12 amu, so five carbon atoms 
contribute 60 amu to the molecular weight, leaving just 8 
amu left for hydrogen atoms (each hydrogen atom is 1 
amu). That is, compounds with the molecular formula 
CsHs will have a molecular weight of 68 amu. This 
molecular formula is consistent with two degrees of 
unsaturation (a triple bond). 

There are two terminal alkynes with the molecular 


formula CsHs, shown here: 
=" 


Be — 
14.59. All of the reactions in the following sequence 
were covered in previous chapters. The starting alkyl 
chloride is a tertiary substrate and will undergo an E2 
reaction when treated with a strong base. With a base 
like ethoxide (which is not sterically hindered), the major 
product is the more-substituted alkene (the Zaitsev 
product), compound A. Hydroboration-oxidation of 
compound A gives an anti-Markovnikov addition of H 
and OH, affording alcohol B. When treated with tosyl 
chloride and pyridine, the alcohol is turned into the 
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corresponding tosylate (compound C). Treatment of the 
tosylate with a sterically hindered base gives another E2 
reaction, this time giving the less substituted alkene (the 
Hofmann product), compound D. Treating D with a 
peroxy acid gives epoxide E. When the epoxide is 
treated with a Grignard reagent (such as MeMgBr), 
followed by an aqueous workup, a ring-opening reaction 
occurs in which the Grignard reagent attacks the less 
substituted side of the epoxide, to afford alcohol F. The 
last step of the sequence is a Williamson ether synthesis, 
in which a methyl group is installed to give compound 


G. 
NaOEt 1) BH3-TH 
SEL Natt A 1) By THE 
2) H202, NaOH 
OH 
TsCl 
py 
pa RCO3H pie t-BuOK AV 
<_—__. aa ES 
Oo D c 
E OTs 
1) MeMgBr 
2) H2O 
1) NaH 
— 
2) Mel 


(a) Compound F is an alcohol and its IR spectrum will 
exhibit a broad signal between 3200 and 3600 cm". 
Compound G is an ether and its IR spectrum will not 
exhibit the same signal. 

(b) Compound D is an alkene and its IR spectrum will 
exhibit a signal near 1650 cm! (for the C=C bond), as 
well as a signal near 3100 cm! (for the Csp--H bond). 
Compound E is an epoxide, and its IR spectrum will not 
have these two signals. 

(c) IR spectroscopy would not be helpful to distinguish 
these two compounds because they are both alcohols. 
Mass spectrometry could be used to differentiate these 
two compounds because they have different molecular 
weights. 

(d) No, they both have the same molecular formula, 
although a trained expert might be able to distinguish 
these compounds based on their fragmentation patterns. 


14.60. The molecular formula C4Hs indicates an HDI of 
1. As such, every constitutional isomer of C4Hs must 
contain either one ring or one double bond. The 
following structures are consistent with this description. 
Each of the first three constitutional isomers (shown 
here) exhibits a double bond, while each of the last two 
constitutional isomers exhibits a ring. 
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From among these isomers, only one of them (1-butene) 
can lose a methyl group to form a resonance stabilized 
carbocation at (M-15): 


+. 


ZZ 


(M-15) 
resonance-stabilized 


14.61. As seen in the solution to Problem 2.51, there are 
four constitutional isomers with the molecular formula 
C4HoCl, shown here again: 


tole tek he) 


Compound A 


Only one of these four isomers, compound A, exhibits a 
chiral center. When compound A is treated with a strong 
base, the following three alkenes are formed (B, C, and 
D): 


CI 
ee NaOEt 
(racemic) 


Compounds B and C are diastereomers (cis vs. trans), 
with the trans alkene being favored. That leaves the 
minor product D, which is an unsymmetrical alkene. 
Accordingly, we do expect that the C=C bond will have 
a small dipole moment, so there should be a signal near 
1650 cm”! in the IR spectrum of compound D. 


14.62. In order to determine the pattern of signals that 
we expect in the mass spectrum of a compound with two 
chlorine atoms, we must quickly review the reason for 
the pattern of signals that are observed for a compound 
with only one chlorine atom. Let’s first imagine that all 
chlorine atoms had the same mass (35 amu). In such a 
hypothetical world, we would see the (M)** peak, but we 
would not observe a significant (M+2)** peak. However, 
all chlorine atoms are not the same mass, because there 
are two naturally abundant isotopes: *°Cl and 3’Cl. The 
latter represents approximately 1⁄4 of all chlorine atoms in 
the world. As such, approximately 1⁄4 of the parent ions 
(for a compound with one chlorine atom) will contain an 
atom of 3’Cl instead of °C. This causes % of the signal 
to be moved from (M)** to (M+2)**. 


1 


(M)* (M+2)" (M+4)* 


This gives the following familiar pattern of signals, in 
which the (M+2)** peak is approximately 1/3 the height 
of the (M)** peak: 


T 
(M+4)* 


T T 
M (M+2)" 


This is the characteristic pattern of signals for a 
compound with one chlorine atom. 

Now let’s consider a compound with two chlorine atoms. 
We will begin with the pattern of signals above, and 
determine how this pattern changes if the parent ion has 
two chlorine atoms, rather than just one. Once again, 1⁄4 
of each peak is moved up by two m/z units, because in “4 
of all of those ions, the second chlorine atom will be 37C1 
rather than Cl. 


1 
a 
1 

T T 


P 


(M+4)" 


M)" (M+2)" 
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This gives the following pattern of signals at M, M+2, 
and M+4. 


a aes es 


(yr (M2) (My 


14.63. The OH group in ephedrine can engage in 
intramolecular hydrogen bonding, even in dilute 
solutions. 


intramolecular 
hydrogen bonding 


14.64. In order to determine the pattern of signals that 
we expect in the mass spectrum of a compound with two 
bromine atoms, we must quickly review the reason for 
the pattern of signals that are observed for a compound 
with only one bromine atom. Let’s first imagine that all 
bromine atoms had the same mass (79 amu). In such a 
hypothetical world, we would see the (M)** peak, but we 
would not observe a significant (M+2)"* peak. However, 
all bromine atoms do not have the same mass, because 
there are two naturally abundant isotopes: Br and *'Br. 
Each isotope represents approximately half of all 
bromine atoms in the world. As such, approximately 
half of the parent ions (for a compound with one bromine 
atom) will contain an atom of ®!Br instead of Br. This 
causes approximately half of the signal to be moved 
from (M)** to (M+2)**. 


J} 


T T T T ; 
(M)* (M+2)" (M+4)" 
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This gives the following familiar pattern of signals, in 
which the (M+2)** peak is approximately the same 
height as the (M)** peak: 


1 


This is the characteristic pattern of signals for a 
compound with one bromine atom. 

Now let’s consider a compound with two bromine atoms. 
We will begin with the pattern of signals above, and 
determine how this pattern changes if the parent ion has 
two bromine atoms, rather than just one. Once again, 
half of each peak is moved up by two m/z units, because 
in half of all of those ions, the second bromine atom will 
be *'Br rather than Br. 


TA 


MO (WD Mg 


(M (M+2)" (M+4%" 


This gives the following pattern of signals at M, M+2, 
and M+4. 


raa 


(MO (MJE (Mey 
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14.65. 
Explanation #1) Outside of the carbonyl group, one of 
the C-O bonds of the ester has some double bond 
character, as can be seen in the third resonance structure 
below: 


zo fo) ar 
A a De? ~~ A oF 


This C—O bond is a stronger bond than the other C-O 
single bond, which does not have any double bond 
character. As a result, the stronger C-O bond 
(highlighted) produces a signal at higher wavenumber. 


Oo 
PK 
4300 cm“ 1000 cm’ 


Explanation #2) The C—O bond at 1300 cm" involves an 
sp” hybridized carbon atom, rather than an sp? hybridized 
carbon atom. The former has more s-character and holds 
its electrons closer to the positively charged nucleus. A 
Csy—O bond is therefore shorter and stronger than a 
Csp—O bond, so the former should produce a signal at 
higher wavenumber. 


14.66. A signal at 1720 cm’! indicates the presence of a C=O bond. The following mechanism justifies the formation 
of a C=O bond. In the first step, one of the OH groups is protonated to give an oxonium ion, which then loses a leaving 
group (H20) to give a secondary carbocation. This carbocation then rearranges to give a more-stable, resonance- 
stabilized cation, which is deprotonated to give the product (a ketone), consistent with the signal at 1720 cm. 


H 
a } 
HO bo LYS HO 
H 


\@ 
O—H 


- H2O 


14.67. In the solution to Problem 14.64, we explained the source of the characteristic peaks that are observed in the 
mass spectrum for a compound containing a bromine atom. Specifically, the (M+2)** peak is approximately the same 
height as the (M)** peak, because approximately half of the bromine atoms are 8'Br, rather than Br. 


T T T T ; 
(O0 (M+2)"  (M+4)* 


; ; 


T T T 
(OO (M+2)"  (M+4)" 


Now let’s consider what happens if the parent ion also has a chlorine atom. In the solution to Problem 14.62, we saw 
that the effect of a chlorine atom is to move 1⁄4 of each peak by two m/z units, which gives the following pattern. 
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Incidentally, we would arrive at the same characteristic pattern if we had started our analysis by first considering the 
effect of the chlorine atom and only then considering the effect of the bromine atom, as illustrated here: 


Effect of Cl Effect of Br | 


a 


1 


(My eRe (M4 ; 


MEO eRe (Mey 


MO a 


14.68. 

(a) The molecular formula for the dye is C21H15N206S-7. Using the values in Table 14.5 for C, H, N and O, and the 
values given in the question for S, we can calculate the expected mass for the parent ion using the most abundant 
isotope of each element ('H, !?C, '4N, 160, 32S) as follows. 


CaiHisN206S = 
(21 x 12.000) + (15 x 1.0078) + (2 x 14.0031) + (6 x 15.9949) + (1 x 31.9721) 
= 423.0647 


This is consistent with reported base peak of the spectrum [(M_), 100% relative intensity]. 

Now we must consider the other two peaks — the peak at 424.0681 is nominally 1 amu higher than the parent molecular 
ion, while the peak at 425.0605 is nominally two amu higher. Considering the relative natural isotopic abundances of 
C, H, N, O and S, the two elements that have the highest percentage of a second isotope are carbon (1°C = 98.93%, 3C 
= 1.07%) and sulfur (°S = 95.02%, *4S = 4.21%). With this in mind, the peak at m/z = 424.0681 is consistent with an 
ion where one of the '*C atoms is replaced with a °C. 


Coo CiHisN206S_ = 


(20 x 12.000) + (1 x 13.0034) + (15 x 1.0078) + (2 x 14.0031) + (6 x 15.9949) + (1 x 31.9721) 
= 424.0681 


The peak with a nominal mass of 425 is consistent with an ion with one *4S, as demonstrated by the calculation below: 
C2 HisN20064S = 


(21 x 12.000) + (15 x 1.0078) + (2 x 14.0031) + (6 x 15.9949) + (1 x 33.9679) 
= 425.0605 
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Now, we must consider the relative abundances of each peak. The peak at m/z = 423.0647 is the base peak, because it 
has a relative abundance of 100% (it is, by definition, the most abundant ion). The peak at 424.0681 has an abundance 
of 22.5%, relative to the most abundant ion. This is consistent with an ion having 21 carbon atoms, because the natural 
abundance of °C is 1.07%. [21 x 1.07% = 22.5%] 

The peak at 425.0605 has an abundance of 4.21%, relative to the most abundant ion. This is consistent with an ion 
having one sulfur atom, because the natural abundance of *4S is 4.21%. [1 x 4.21% = 4.21%] 


(b) The peak at m/z = 425.0605 is consistent with an ion in which two of the '*C atoms are replaced with two 3C 
atoms: 


12C19!3C2H15N206S = 
(19 x 12,000) + (2 x 13.0034) + (15 x 1.0078) + (2 x 14.0031) + (6 x 15.9949) + (1 x 31.9721) 
= 425.0715 


14.69. 

(a) Tautomerization occurs rapidly (and is difficult to prevent) so an IR spectrum of A is essentially an IR spectrum of 
a mixture of A and B. The signal at 1740 cm” corresponds to the nonconjugated C=O bond of the ester group in A, 
and the signal at 1720 cm"! corresponds to the nonconjugated C=O bond of the ketone group in A, just as we would 


expect. 
1720 cm" f f 1740 cm’ 
Ga Ga 


OEt 


The C=O bond in compound B is part of a conjugated ester, so it appears at a lower wavenumber than a typical C=O 
bond of an ester. This must be the signal at 1660 cm. This might be initially surprising, as we might have expected a 
conjugated ester to produce a signal around 1700 cm. But on further inspection, we recognize that this conjugated 
system has an OH group, whose lone pairs are participating in resonance. 


OH N OH o :OH O 
L 
[A 
Oa Ct we OEt 
> => 


As such, there is one additional resonance structure (highlighted above); this additional resonance structure gives the 
C=O bond additional single bond character (relative to other conjugated esters). 
Finally, the signal at 1620 cm! corresponds with the conjugated C=C bond in B. 


(b) Compound B is capable of forming an intramolecular hydrogen bonding interaction, which lowers the energy of 
that tautomer. As such, it has a more significant presence at equilibrium. 


H 


OEt 


There is one additional factor that favors the enol in this case, which we will discuss in Chapter 16. Specifically, we 
will see that conjugation is a source of stabilization. Compound B possesses this type of stabilization, while compound 
A does not. 


14.70. 

The two compounds are isomers (both have the molecular formula CsH»BrO) so we expect the molecular ion from each 
of them to have the same m/z value. Recall that there are two isotopes of bromine with approximately equivalent 
natural abundance (°'Br and Br), which results in two molecular ion peaks for each compound: 
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Molecular ions for A Molecular ions for B 
+ + + + 
OH OH 
81 A pS w pS 81 s )< 79Br < pt 
OH OH 
m/z = 202 m/z = 200 m/z = 202 m/z = 200 


These molecular ions correspond to the two highest m/z peaks in each spectrum. Now we have to consider 
fragmentation patterns to match each spectrum to the correct isomer. Note that in each spectrum, there are several pairs 
of peaks separated by two mass units. This is consistent with the presence of bromine in these fragments, with the two 
peaks corresponding to fragments with ”Br and 8!Br, respectively, just as observed for the molecular ion. In the peak 
list below, pairs separated by two mass units are shown in brackets. 


Sample X, m/z = [202, 200], [187, 185], [159, 157], 121 
Sample Y, m/z = [202, 200], [171, 169], 121 


Focusing on sample X, the peaks at 187 and 185 represent a loss of 15 from the molecular ions 202 and 200, 
respectively. This is consistent with the loss of a *CH3 radical fragment. Compound B has a methyl group, while 
compound A does not, suggesting that this spectrum is from compound B. The peaks at 159 and 157 represent a loss of 
43 from the molecular ions 202 and 200, respectively. This is consistent with the loss of a *CH(OH)CHs3 radical 
fragment. The peak at 121 represents a loss of ®'Bre radical from the heavier molecular ion (202-81=121) or a loss of 
Bre radical from the lighter molecular ion (200-79=121). These data are consistent with the structure of compound B, 
and the ions below. 


OH OH OH 


m/z = 187 m/z = 185 m/z = 159 m/z = 157 m/z = 121 
(loss of ‘CH3) (loss of *CH3) loss of loss of (loss of ‘Br) 
-CH(OH)CHs) -CH(OH)CHs) 


Focusing on sample Y, the peaks at 171 and 169 represent a loss of 31 from the molecular ions 202 and 200, 
respectively. This is consistent with the loss of a *CH2OH radical fragment. The peak at 121 represents a loss of ®'Bre 
radical from the heavier molecular ion (202-81=121) or a loss of “Bre radical from the lighter molecular ion (200- 
79=121), analogous to the corresponding peak in sample X. These data are consistent with the structure of compound A 
and with the ions shown below. 


OH 


m/z= 171 m/z = 169 m/z = 121 
(loss of -CH2OH) (loss of ‘*CH2OH) (loss of *Br) 


14.71. 
(a) The structure contains an N-H bond, which is expected to produce a broad signal above 3300 cm, but that signal 
is absent from the spectrum. 


(b) Recall that tautomers are constitutional isomers that can rapidly interconvert via the migration of a proton. We 
know that the tautomer of the proposed structure must not exhibit an N-H bond, so it is clear that this is the proton that 


must migrate. To determine where it migrates, we remove the proton (this is how tautomerization occurs under base- 
catalyzed conditions) and draw the conjugate base, which is resonance stabilized: 


> Q. 
ANEA cBn n l A Va | ee N 
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The second resonance structure indicates where the proton is likely to migrate. Specifically, protonation of the 
negatively charged carbon atom leads to the following compound: 


of AB 
/ {— a 


This compound lacks an N-H bond and is therefore consistent with the IR spectrum. 


(c) The tautomer of the proposed structure exhibits a C=N bond, which is likely to be the source of the signal at 1621 
cm’! (this is the region of the spectrum where double bonds generally appear). An unconjugated C=N bond would 
likely appear at a higher wavenumber than 1621 cm, but this C=N bond is conjugated, so the location of the signal is 
appropriate if the source of the signal is indeed the C=N bond. 


14.72. Notice that the azido group in compound 2 exhibits charge separation. If we try to draw a resonance structure 
without charge separation, we find that we cannot do so without violating the octet rule: 


We see that the structure of the azido group cannot be drawn without charge separation (much like a nitro group, which 
also cannot be drawn without charge separation). Nevertheless, the azido group is still stabilized by resonance, as seen 


here: 
i N ~ o 
Nan? O NSN NSN 
N t NO ON: 


Notice that the second and third resonance structures exhibit a nitrogen-nitrogen triple bond. We therefore expect that 
this bond will have significant triple bond character. Indeed, azido groups typically produce a characteristic signal in 
the triple bond region of an IR spectrum (2120-2160 cm"). The absence of this signal indicates that compound 2 is not 
present in substantial quantities. 


14.73. The IR spectrum shows a very broad signal in the range of 2200-3600 cm, as well as a strong signal at 1700 
cm, indicating the presence of a carboxylic acid group. Carboxylic acids can only be made via oxidation of primary 
alcohols (not secondary or tertiary). The correct answer is (a). Choice (d) is not correct because the compound may or 
may be acyclic or cyclic (we lack the information necessary to make such a determination). 


14.74. All of these isomers have the molecular formula CsHio (molecular weight = 106 amu), so we expect the 
molecular ion to be at m/z = 106. A peak at m/z = 91 corresponds with M-15, which indicates the loss of a methyl 
group. All of the isomers have methyl groups, but only option (a) gives a relatively stable benzylic carbocation upon 
loss of a methyl radical: 


ionization and 


(©) ‘ 
CHCH; CH) CH; 
or fragmentation or 
oe 


A benzylic carbocation 
(resonance-stabilized) 
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All of the other options lead to unstable phenyl carbocations, for example: 


ionization and 


CH; l 
X fragmentation Di CH3 
— > > 
CH3 CH 


3 
A phenyl carbocation 


Since the most abundant peak is expected to result from formation of the most stable carbocation, the correct answer is 


(a). 


14.75 The mass spectrum shows a molecular ion at m/z 78. This corresponds with option (a) which has the molecular 
formula C6H6 (MW = 78). Option (b) has the molecular formula C6eHs (MW = 80), option (c) has the molecular 
formula C6H1ı2 (MW = 84), and option (d) has the molecular formula C6H4 (MW = 76). Only option (a) has the correct 
molecular weight. 


14.76. The molecular ion for cyclohexanone is expected at m/z = 98, so the two peaks at m/z = 55 must be due to ionic 
fragments. Considering the atoms present in cyclohexanone (Co6H100), we must consider all possible ionic formula with 
a nominal m/z = 55. 

One approach to this is to start with the heavier elements (carbon, oxygen) to come up with a formula close to (but not 
greater than) 55 and then adding in hydrogens to make up the difference. For example, an ion with 4 carbon atoms 
(nominal mass = 48) would require 7 hydrogen atoms (nominal mass = 7) to give the correct total mass [48+7=55]. 
Alternatively, we can start with one oxygen atom (nominal mass = 16), add three carbon atoms (nominal mass = 36), 
and 3 hydrogen atoms (nominal mass = 3) [16+36+3=55]. Thus, our two possible ionic formulas that fit are C3H30* 
and C4H7". 

Using the values in Table 15.5, we can calculate the high resolution masses: 


C3H30* = (3 x 12.000) + (3 x 1.0078) + (1 x 15.9949) = 55.0183 amu 
C4H7 = (4 x 12.000) + (7 x 1.0078) = 55.0546 amu 


The peak at m/z = 55.0183 (with a relative intensity of 86.7) is thus assigned to C3H30", and the peak at m/z = 55.0546 
(with a relative intensity of 13.3) is assigned to CaH7". 


14.77. 

Using the nitrogen rule, we can quickly determine that the molecular mass of the parent compound is an odd number 
since there is one nitrogen atom in the structure. Thus, the difference in mass between the expected molecular ion (an 
odd number) and the fragment of interest (m/z = 113, which is also an odd number) is an even number. This suggests 
the possibility of a McLafferty rearrangement. [This can be confirmed by calculating the molecular mass using the 
molecular formula (C23H43NO), resulting in a difference between the expected molecular ion (m/z = 349) and the 
fragment of interest (m/z = 113) of 236.] This amide has the structural feature required for such a rearrangement: a 
hydrogen atom that is gamma to a C=O group (analogous to the ketones and aldehydes discussed in section 14.12). 
The resulting ion (m/z = 113) and its mechanism of formation are presented below. 


È yaf H. ® 
l l R_H i 
ionization McLafferty T P I 
N i pa i N 
D’ rearrangement 2 
molecular ion fragment ion 
(m/z = 349) (m/z = 113) 


14.78. 

(a) The mass of pinolenic acid (based on its given chemical formula) is 278 amu. The significant peak at 279 in 
positive ion mode is likely due to the addition of a proton, as this experiment is performed under conditions facilitating 
protonation. We can refer to this ion as the (M+1)* ion. 
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S 


HO C17H29 


Next, we need to determine the positions of the three cis double bonds. The peaks at 211, 171 and 117 (which only 
appear when ozone is present) are likely due to ozonolysis products of each of the three alkenes. In each case, the C=C 
is replaced with C=O bonds. These three peaks represent losses of 68, 108, and 162 from the (M+1)* ion. The change 
in mass between the (M+1)* ion and each of the ozonolysis products corresponds to the loss of carbon atoms and 
hydrogen atoms (from the chain terminus to each sp’ hybridized carbon atom) as well as the gain of an oxygen atom. 
Accounting for the additional mass of oxygen (16) in each ionic fragment, the portions of the molecule cleaved by 
ozonolysis have masses of 84 (=68+16), 124 (=108+16) and 178 (=162+16). 


With this information, we can reconstruct the chain starting from the end distal to the carboxylic acid. A loss of 84 is 


consistent with the loss of a C6H12 fragment. 
“aod 


CeH 12 
Continuing up the chain, a loss of 124 is consistent with the loss of a CoHi6 fragment. 
i 
CoH16 
A loss of 178 is consistent with the loss of a Ci3H22 fragment. 
I 
C13H22 


With all of this information in hand, along with the knowledge that all of the double bonds have the cis configuration, 
we can propose the following structure for pinolenic acid: 


O 


HO S 


pinolenic 
acid 


m/z = 279 


m/z=117 
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(b) In negative ion mode, under conditions facilitating deprotonation, we expect to form the conjugate base of the 
carboxylic acid instead of the conjugate acid, thus giving the following ions, each with two mass units lower than the 
corresponding ions in positive ion mode. 


oO Oo 
© ° 
O oO 
m/z = 277 m/z = 209 
O 
H 
o o H 

z ° iB ote A 

o fe) (0) 

m/z = 169 m/z = 115 


14.79. 
(a) Each of these compounds has four rings, which we can label A-D: 


Ge 
oo 


Notice that the A-B ring fusion resembles a trans-decalin system, which we explored at the end of Chapter 4: 


H H 


H H 
trans-decalin 


But in our cases here, there four rings. Building on the decalin system as a foundation, can we redraw our compounds 
(starting with the A-B ring fusion), in a way that shows the conformation of each ring: 


These polycyclic systems are conformationally rigid, because none of the six-membered rings can undergo a ring flip 
(you might find it helpful to build a model to prove to yourself that this is the case). Notice that in compound 2, the 
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OH group and the Cl group are in close proximity and can therefore participate in an intramolecular hydrogen-bonding 
interaction (which weakens the existing O-H bond in 2, giving a lower wavenumber of absorption). In contrast, the 
OH group and the Cl group are far apart from each other in compound 1, and cannot participate in an intramolecular 
hydrogen-bonding interaction. 


(b) The problem statement specifies that dilute solutions were investigated. As such, the effects of intermolecular 
hydrogen bonds are negligible and can be ignored. Compound 2 is capable of forming an intramolecular hydrogen 
bonding interaction (while compound 1 is not), so the signal for the OH group in compound 2 is expected to be 
broader. 


14.80. 

(a) The problem statement indicates that one of the two hydrocarbon chains contains a cis alkene group. To determine 
which of these two chains contains the double bond, consider the relative numbers of carbon atoms and hydrogen 
atoms in each chain. One of these chains (-C1sH31) is fully saturated, because there are two hydrogen atoms for every 
carbon atom in the chain, except for the terminal methyl group which has three hydrogen atoms. In contrast, the other 
chain (-Ci7H33) must be unsaturated, because a saturated chain with 17 carbon atoms would be expected to have 35 
hydrogen atoms (16 C with two H’s and one C with three H’s). Since it has only 33 hydrogen atoms, this chain must 
contain the double bond. 


Now that we know which chain contains the double bond, we can determine the position of the double bond by 
analyzing the mass spectrometry data. The introduction of ozone allows for ozonolysis of the alkene, breaking the C=C 
bond and producing two new C=O bonds. The peak at m/z = 563 provides the information needed to determine the 
position of the double bond. The change in mass between the parent ion and the product of ozonolysis (110 mass units) 
corresponds to the loss of carbon atoms and hydrogen atoms (from the chain terminus to the first sp? hybridized 
carbon) as well as the gain of an oxygen atom. Accounting for the additional mass of oxygen (16), the portion of the 
molecule that was cleaved by ozonolysis has a mass of 126. This is consistent with the loss of a fragment with the 
formula CoHis, as shown here: 
CoH18 


ozonolysis 


(b) The difference between the new peak in methanol (611) and the new peak in ethanol (625) is 14 mass units. This is 
equivalent to the difference in mass between the two alcohols (methanol = 32, ethanol = 46), suggesting that the new 
peak arises from incorporation of solvent. Focusing on the methanol experiment, the difference between the peak for 
the ozonolysis product (563) and the second peak (611) is 48, suggesting that the mystery product incorporates 
methanol (mass = 32) plus an extra oxygen (mass = 16) [32+16=48]. Likewise, when ethanol is used the new peak at 
625 (which is 62 larger than 563) is due to incorporation of ethanol (mass = 46) plus an extra oxygen (mass = 16) 
[46+16=62]. This is consistent with the incorporation of the alcohol solvent by reacting with one of the intermediates of 
the ozonolysis reaction, as shown here. 
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Chapter 15 
Nuclear Magnetic Resonance Spectroscopy 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 15. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 
Vocabulary. 


e A spinning proton generates a magnetic , which must align either with or against 
an imposed external magnetic field. 

e All protons do not absorb the same frequency because of , a weak magnetic 
effect due to the motion of surrounding electrons that either shield or deshield the proton. 

° solvents are generally used for acquiring NMR spectra. 

e Ina!'H NMR spectrum, each signal has three important characteristics: : and 


e When two protons are interchangeable by rotational symmetry, the protons are said to be 


e When two protons are interchangeable by reflectional symmetry, the protons are said to be 


e = The left side of an NMR spectrum is described as field, and the right side is described as 

field. 

e Inthe absence of inductive effects, a methyl group (CH3) will produce a signal near ppm, a 
methylene group (CH2) will produce a signal near ,anda group (CH) will 
produce a signal near . The presence of nearby groups increases these values somewhat 
predictably. 

e The , or area under each signal, indicates the number of protons giving rise to 
the signal. 

° represents the number of peaks in a signal. A has one peak, a 

has two, a has three, a has four, and a has five. 

e Multiplicity is the result of spin-spin splitting, also called , which follows the n+1 
rule. 

e When signal splitting occurs, the distance between the individual peaks of a signal is called the 
coupling constant, or value, and is measured in hertz. 


e Complex splitting occurs when a proton has two different kinds of neighbors, often producing a 


e Cis an of carbon, representing % of all carbon atoms. 
e All °C-'H splitting is suppressed with a technique called broadband , causing 
all of the °C signals to collapse to . 


Review of Skills 


Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 
the end of Chapter 15. The answers appear in the section entitled Skil/Builder Review. 


15.1 Determining the Relationship between Two Protons in a Compound 


FOR EACH OF THE FOLLOWING COMPOUNDS, IDENTIFY THE RELATIONSHIP BETWEEN THE TWO INDICATED 
PROTONS (ARE THEY HOMOTOPIC, ENANTIOTOPIC OR DIASTEREOTOPIC?) AND DETERMINE WHETHER THEY ARE 


CHEMICALLY EQUIVALENT. H H 
H~ ~H 


RELATIONSHIP ) | 
CHEMICALLY EQUIVALENT? ( 


) | 
( ) LC} 
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15.2 Identifying the Number of Expected Signals in a 'H NMR Spectrum 


H H HH O H H OH H HH H 
NN H o eS S A 
CHEMICALLY EQUIVALENT? () ( ( ( 


FOR EACH OF THE FOLLOWING COMPOUNDS, DETERMINE WHETHER THE INDICATED PROTONS ARE CHEMICALLY EQUIVALENT. 


15.3 Predicting Chemical Shifts 


FOR EACH OF THE FOLLOWING COMPOUNDS, PREDICT THE EXPECTED CHEMICAL SHIFT OF THE INDICATED PROTONS. 
O 


pa nerd Ae 


15.4 Determining the Number of Protons Giving Rise to a Signal 


519 


LOWEST NUMBER. OF EQUALS THE NUMBER OF 


STEP 1 - COMPARE THE STEP 2- DIVIDE ALL INTEGRATION | STEP 3- IDENTIFY THE NUMBER OF PROTONS IN THE COMPOUND 
RELATIVE VALUES BY THE NUMBER FROM (FROM THE MOLECULAR FORMULA) AND THEN ADJUST THE 
VALUES, AND CHOOSE THE | STEP #1, WHICH GIVES THE RATIO | RELATIVE INTEGRATION VALUES SO THAT THE SUM TOTAL 


15.5 Predicting the Multiplicity of a Signal 


IDENTIFY THE EXPECTED MULTIPLICITY FOR EACH SIGNAL IN THE PROTON NMR 


SPECTRUM OF THE FOLLOWING COMPOUND. f 


15.6 Drawing the Expected 'Hd NMR Spectrum of a Compound 


STEP 1- STEP 2- PREDICT | STEP 3- DETERMINE THE STEP 4- PREDICT THE | STEP 5- DRAW 
IDENTIFY THE OF EACH SIGNAL BY COUNTING THE OF EACH SIGNAL. 
THE NUMBER OF NUMBER OF GIVING RISE TO EACH SIGNAL. 

OF EACH SIGNAL. EACH SIGNAL. 


15.7 Using 'H NMR Spectroscopy to Distinguish Between Compounds 


STEP 1 - IDENTIFY THE STEP 2 - IF EACH COMPOUND IS EXPECTED STEP 3 - LOOK FOR DIFFERENCES IN 

NUMBER OF TO PRODUCE THE SAME NUMBER OF SIGNALS, THEN | THE CHEMICAL SHIFTS, 

THAT EACH COMPOUND WILL | DETERMINE THE MULTIPLICITIES OR INTEGRATION 

PRODUCE. AND OF EACH SIGNAL IN BOTH VALUES OF THE EXPECTED SIGNALS. 
COMPOUNDS. 


www.MyEbookNiche.eCrater.com 


520 


CHAPTER 15 


15.8 Analyzing a 'H NMR Spectrum and Proposing the Structure of a Compound 


STEP 1 - USE THE 

TO DETERMINE 
THE HDI. AN HDI OF 
INDICATES THE POSSIBILITY 
OF AN AROMATIC RING. 


STEP 2 - CONSIDER THE 
NUMBER OF SIGNALS 
AND INTEGRATION OF 
EACH SIGNAL (GIVES 
CLUES ABOUT THE 


STEP 3 - ANALYZE EACH SIGNAL STEP 4- STEP 5 - VERIFY THAT 
4 AND ), AND THEN | ASSEMBLE THE PROPOSED 

DRAW FRAGMENTS CONSISTENT | THE STRUCTURE IS 

WITH EACH SIGNAL. THESE FRAGMENTS. | CONSISTENT WITH ALL 


FRAGMENTS BECOME OUR 


OF THE SPECTRAL DATA. 


OF THE 
COMPOUND). 


PUZZLE PIECES THAT MUST BE 
ASSEMBLED TO PRODUCE A 
MOLECULAR STRUCTURE. 


15.9 Predicting the Number of Signals and Approximate Location of Each Signal in a °C NMR 


Spectrum 


BELOW ARE SEVEN DIFFERENT TYPES OF CARBON ATOMS. EACH OF THEM IS EXPECTED TO PRODUCE A SIGNAL IN ONE OF 
FOUR POSSIBLE REGIONS IN A CARBON NMR SPECTRUM. IDENITFY THE EXPECTED REGION FOR EACH TYPE OF CARBON 


ATOM. 
—c=c— \ / O 
C=C i 
tò lO N A” 


| 220 


150 100 50 0 


15.10 Determining Molecular Structure using DEPT C NMR Spectroscopy 


CH; CH, 


COMPLETE THE FOLLOWING CHART BY DRAWING THE EXPECTED SHAPE OF EACH SIGNAL: 


CH 


Cc 


BROADBAND 
DECOUPLED 


DEPT-90 


DEPT-135 


Mistakes to Avoid 


In 'H NMR spectroscopy, two neighboring CH2 groups will only split each other if they are not chemically 
equivalent. For example compare the structures of butane and pentane, and in particular, compare the CH2 group at the 


C2 position in each structure, highlighted below: 


quartet 


quartet of triplets 
(or triplet of quartets) 


ah 
E hea 
H HH 


H H 


Pentane 
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In the case of butane, the signal for the highlighted CH2 group is expected to be a quartet as a result of the neighboring 
methyl group. Notice that the signal is not further split by the neighboring CH2 group (C3), because the CH2 groups at 
C2 and C3 are chemically equivalent and therefore, they don’t split each other. In contrast, the signal for the 
highlighted CH2 group in pentane has a more complex multiplicity. In the case of pentane, the C2 and C3 positions are 
not identical. The C2 position is next to a methyl group, while the C3 position is not. They occupy different electronic 
environments, and they are not interchangeable by symmetry. As a result, the signal for the highlighted CH2 group 
(C2) is expected to be split into a quartet of triplets (or into a triplet of quartets, depending on which J value is larger). 
When analyzing a !H NMR spectrum, make sure to take this into account, as students will often misinterpret a 
spectrum as a result of failing to take this into account. 


Solutions 
OMe OMe 
15.1. D D 
(a) When looking for symmetry, don’t be confused by 
the position of the double bonds in the aromatic ring. 
Recall that we can draw the following two resonance 


structures: S J) 
yY 


Same compound 


OMe OMe 
(b) These protons cannot be interchanged by rotational 
symmetry, so they are not homotopic. They can be 
-R interchanged by reflectional symmetry (the plane of 
symmetry is the plane of the page). Therefore, the 
protons are enantiotopic. 


Neither resonance structure is more correct than the 


other. For purposes of looking for symmetry, it will be CI 
less confusing to draw the compound like this: Hn 
H< 
OMe 


This conclusion can be verified by the replacement test. 
Specifically, each proton is replaced with deuterium, and 
the resulting compounds are found to be enantiomers. 


When drawn in this way, we can see that the two Therefore, the compounds are enantiotopic: 


highlighted protons can be interchanged by rotational 


f : Cl 
symmetry (the axis of symmetry is shown below). pl 
Therefore, the protons are homotopic. ai Dam q 
Enantiomers 


(c) These protons cannot be interchanged by rotational 
symmetry, so they are not homotopic. They also cannot 
be interchanged by reflectional symmetry so they are not 
enantiotopic either. To determine if they are 
diastereotopic, we use the replacement test. Specifically, 
each proton is replaced with deuterium, and the resulting 
compounds are found to be diastereomers. Therefore, 
the compounds are diastereotopic: 


This conclusion can be verified by the replacement test. Or OH 
Specifically, each proton is replaced with deuterium, and 
3 D Dine 
the resulting compounds are found to be the same. 
Therefore, the compounds are homotopic: Ka Ve J 
Diastereomers 
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(d) These protons cannot be interchanged by rotational 
symmetry, so they are not homotopic. They can be 
interchanged by reflectional symmetry (the plane of 
symmetry is the plane of the page). Therefore, the 
protons are enantiotopic. 


This conclusion can be verified by the replacement test. 
Specifically, each proton is replaced with deuterium, and 
the resulting compounds are found to be enantiomers. 
Therefore, the compounds are enantiotopic: 


O O 
As AVN 
D 
Me V J 


Enantiomers 


Oime 


(e) These protons can be interchanged by rotational 
symmetry (the axis of symmetry is shown below). 
Therefore, the protons are homotopic. 


This conclusion can be verified by the replacement test. 
Specifically, each proton is replaced with deuterium, and 
the resulting compounds are found to be the same. 
Therefore, the compounds are homotopic: 


fe 
o 
Dim 

S 


Same compound 


15.2. 

(a) All four protons shown in red can be interchanged 
either via rotation or reflection, so they are all chemically 
equivalent. 

(b) The three protons of a methyl group are always 
equivalent (as we will soon see, immediately after the 
SkillBuilder), and in this case, the two methyl groups are 
equivalent to each other because they can be 
interchanged by rotation. Therefore, all six protons 
shown in blue are equivalent. 


(c) Pentane has three different kinds of protons, shown 
here: 


Da ECE 

H H poa 

These two protons can 
be interchanged 

by rotational symmetry, 


so they are homotopic 
(chemically equivalent) 


All four of these protons 
can be interchanged 
by either rotational or 

reflectional symmetry, so 

they are chemically 
equivalent 


HC ~~ CHS 


These six protons can be interchanged 
by either rotational or reflectional symmetry, 
so they are chemically equivalent 


(d) Hexane has three different kinds of protons, shown 


here: 


HA AA 


All four of these protons 
can be interchanged 
by either rotational or 

reflectional symmetry, so 

they are chemically 
equivalent 


All four of these protons 
can be interchanged 
by either rotational or 

reflectional symmetry, so 

they are chemically 
equivalent 


H ONAN 
3 CH3 


These six protons can be interchanged 
by either rotational or reflectional symmetry, 
so they are chemically equivalent 


(e) The presence of a chlorine atom creates six different 
environments (in terms of proximity to the Cl), so there 
are six different kinds of protons, highlighted here: 


HHH HH H 


CI 


D 


HAH H 


15.3. The compound must have a high degree of 
symmetry in order to have only one kind of proton. The 
molecular formula indicates that there are twelve 
protons. The equivalence of twelve protons can be 
achieved by four methyl groups in identical 
environments. Four methyl groups account for four of 
the five carbon atoms in the compound. So, we can draw 
a structure in which the fifth carbon atom is connected to 
each of the methyl groups (shown below), providing the 


necessary symmetry: 


15.4. In BZP, the two protons on each CH2 group are 
equivalent, because they can be interchanged by 
reflectional symmetry (the plane of symmetry is the 
plane of the page). In addition, a second plane of 
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symmetry passing through both nitrogen atoms in the 
ring makes the CH2 groups on one half of the molecule 
equivalent to the corresponding CH2 groups on the other 
half of the molecule. Overall, BZP has two signals for 
the piperazine CH2 protons, as shown below: 


DBZP has an additional plane of symmetry (slicing top 
to bottom in the structure shown), so all eight CH2 
protons are equivalent, and only one signal is expected 
for these eight protons. 


15.5. 
(a) This compound has eight different kinds of protons 
(highlighted below), giving rise to eight signals. 


OCH3 OCH3 
H 
The three protons of a methyl group 
are always equivalent 
OCH; OCH; 
CH3 


H H The three protons 


of a methyl group 


These two protons can be interchanged are always 
by reflectional symmetry, so they are equivalent 
enantiotopic 
OCH; OCH3 
H 
H 
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OCH; 


HC 


These two protons can be 
interchanged 
by reflectional symmetry, 
so they are enantiotopic 


The three protons of a methyl 
group are always equivalent 


(b) This compound has four different kinds of protons 
(highlighted below), giving rise to four signals. 


H 
HCO HCO 


H 


The three protons 
of a methyl group 
are always 
equivalent 


These two protons can be 
interchanged 
by rotational symmetry, so 
they are homotopic 


HCO H HCO 
. . CH3 
H 


The three protons 
of a methyl group 
are always 


These two protons can be interchanged equivalent 


by rotational symmetry, so they are homotopic 


(c) This compound has two different kinds of protons 
(highlighted below), giving rise to two signals. 


HC H3C H 


These two methyl groups 
can be interchanged 
by rotational symmetry, so 
all six protons are homotopic 


These four protons can all be 
interchanged by rotational 
symmetry, so they are all equivalent 


(d) This compound has three different kinds of protons 
(highlighted below), giving rise to three signals. 


H 
CH3 CH3 (H CH3 


CH3 CH3 (H CH3 
These two methyl H 
groups can be 
interchanged 
by rotational 
symmetry, so all 
six protons are 
homotopic 


These two protons can 
be interchanged by 
rotational symmetry, 

so they are homotopic 


These two protons can 
be interchanged by 
rotational symmetry, 

so they are homotopic 
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(e) This compound has five different kinds of protons 
(highlighted below), giving rise to five signals. 


CI CI CI 
CH3 CH3 (H CH3 
The three protons H 
of a methyl group H 
are always 
equivalent H CI CI 
CH3 CH3 


(£) This compound has three different kinds of protons 
(highlighted below), giving rise to three signals. 


H 
CI cl Cl cl Cl CI 
H H 
These two protons can be H 


interchanged by rotational 
symmetry, so they are homotopic 


(g) This compound has four protons and none of them 
can be interchanged by rotational or reflectional 
symmetry. Each of the four protons occupies a unique 
electronic environment, giving rise to four signals. 


(h) This compound has two different kinds of protons 
(highlighted below), giving rise to two signals. 


H 
H3C CH3 HC CH3 


H3C CH3 H3C CH3 
H 


These four methyl groups 
can be interchanged 
by rotational symmetry, so 
all twelve protons are 
homotopic 


These two protons can 
be interchanged by 
rotational symmetry, so 
they are all equivalent 


(i) Due to the location of the two bromine atoms, each 
CH2 group occupies a unique electron environment, 
giving rise to two separate signals (one for each CH2 
group). In addition, the two methyl groups are also in 
different electronic environments, giving two separate 
signals. In total, we expect four signals. 


(j) Each of the protons in each CH2 group is in a unique 
electronic environment, as a result of the presence of a 
chiral center. That is, each CH2 group gives rise to two 
separate signals, so the two CH2 groups collectively give 
rise to four different signals. The two methyl groups are 
also different from each other (because of their proximity 
to the bromine atom), giving two more signals. In 
addition, there is one signal from the proton attached to 


the carbon bearing the bromine atom. In total, we expect 
seven signals. 


(k) As we saw in the solution to Problem 15.2c, pentane 
is expected to produce three signals in its 'H NMR 
spectrum. A similar analysis of heptane indicates that its 
IH NMR spectrum should contain four signals. 


(1) Each of the three vinylic protons occupies a unique 
electronic environment, giving rise to three separate 
signals: 


cis to 
main chain 


O H 
A, aa 7 iA 
H 
Each of these protons is unique. 
They are NOT chemically equivalent. 


trans to 
main chain 


The two vinylic protons at the very end are different 
from each other because one is cis to the main chain and 
the other is trans to the main chain, as shown. Each of 
the CH2 groups provides one signal (because each CH2 
group occupies a unique electronic environment), and the 
CH; provides one more signal, giving a total of seven 
signals. 


15.6. The presence of the bromine atom does not render 
C3 a chiral center because there are two ethyl groups 
connected to C3. Nevertheless, the presence of the 
bromine atom does prevent the two protons at C2 from 
being interchangeable by reflection. The replacement 
test gives a pair of diastereomers, so the protons are 
diastereotopic (which means that they are not chemically 
equivalent). 
Br Br 


Ne J 


Diastereomers 


15.7. Each of the protons in the following highlighted 
CH2 groups is in a unique electronic environment, as a 
result of the presence of the chiral center. That is, each 
CH2 group will give rise to two separate signals, because 
one H is on the same face as (cis to) the propenyl 
substituent, while the other H is further away from it, on 
the opposite face as (trans to) the propenyl substituent. 
Therefore, these two CH2 groups collectively give rise to 
four different signals: 
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In addition, the following highlighted protons are also 
diastereotopic: 


Furthermore, there are four more signals arising from the 
two methyl groups and the two CH groups, as shown: 


15.8. 
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H 
H3C 
H 
O pa 
CH3 


Therefore, we have seen that (S)-carvone has a total of 
ten different kinds of protons, giving rise to ten signals. 


(a) The 'H NMR spectrum of this compound is expected to exhibit five signals. The calculation for the estimated 


chemical shift of each signal is shown here: 


methyl protons (CH3)= 0.9 ppm 
beta to carbonyl = + 0.2 ppm 
1.1 ppm 


methylene protons (CH 2) = 


1.2 ppm 


alpha to oxygen = + 3.0 ppm 


4.2 ppm 


methylene protons (CH2)= 1.2 ppm 
alpha to carbonyl = + 1.0 ppm 
2.2 ppm 


[ methyl protons (CH3) = 0.9 ppm ) 


— y 


methylene protons (CH2)= 1.2 ppm 
beta to oxygen = + 0.6 ppm 
1.8 ppm 


(b) The 'H NMR spectrum of this compound is expected to exhibit three signals. The calculation for the estimated 


chemical shift of each signal is shown here: 


methylene protons (CH3) = 


1.2 ppm 


alpha to oxygen = + 2.5 ppm 
alpha to carbonyl = + 1.0 ppm 
4.7 ppm 


methyl protons (CH3)= 0.9 ppm 


methylene protons (CH2) = 
alpha to oxygen = + 2.5 ppm 

beta to oxygen = + 0.6 ppm 

4.3 ppm 


1.2 ppm 


beta to oxygen = + 0.6 ppm 
1.5 ppm 
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(c) The !H NMR spectrum of this compound is expected to exhibit four signals. The calculation for the estimated 
chemical shift of each signal is shown here: 


methyl protons (CH3)= 0.9 ppm 


alpha to carbonyl = + 1.0 ppm 
1.9 ppm methyl protons (CH3)= 0.9 ppm 


methine proton (CH)= 1.7 ppm 
beta to carbonyl = + 0.2 ppm 
1.9 ppm 


methylene protons (CH2)= 1.2 ppm 
alpha to carbonyl = + 1.0 ppm 
2.2 ppm 


(d) The 'H NMR spectrum of this compound is expected to exhibit four signals. The calculation for the estimated 
chemical shift of each signal is shown here: 


methyl protons (CH3)= 0.9 ppm 
alpha to oxygen = + 2.5 ppm 
3.4 ppm 


methyl protons (CH3)= 0.9 ppm 
beta to carbonyl = + 0.2 ppm 


fo 1.1 ppm 
\ 5 
ere CH3 7 
3 methylene protons (CH2)= 1.2 ppm 
H H y H — 


alpha to carbonyl = + 1.0 ppm 


2.2 ppm 


methylene protons (CH2)= 1.2 ppm 
alpha to oxygen = + 2.5 ppm 


alpha to carbonyl = + 1.0 ppm 
4.7 ppm 


(e) All four methylene groups are equivalent, so the compound will have only one signal in its 'H NMR spectrum. 
That signal is expected to appear at approximately (1.2 + 2.5 + 0.5) = 4.2 ppm. 


methylene protons (CH2)= 1.2 ppm 
alpha to oxygen = + 2.5 ppm 

beta to oxygen = + 0.5 ppm 

4.2 ppm 


15.9. First determine the number of expected signals. In this compound there are six different kinds of protons giving 
rise to six distinct signals. For each type of signal, identify whether it represents a methyl group (0.9 ppm), a methylene 
group (1.2 ppm), or a methine group (1.7 ppm). Finally, modify each of these values based on proximity to the oxygen 
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atoms and the carbonyl group, as shown. These values are only estimates and the actual chemical shifts might differ 
slightly from the predicted values. The actual values are also shown, and they are fairly close to the estimated values. 


Methylene protons (CH2)= 1.2 ppm 
Alpha to oxygen = +2.5 ppm 
Beta to carbonyl = +0.2 ppm 


3.9 ppm 
Actual = 3.7 pom 


Methylene protons (CH2)= 1.2 ppm 


Methylene protons (CH2)= 1.2 ppm _ 
Alpha to oxygen = +2.5 ppm Alpha to oxygen= +3.0 ppm 
3.7 ppm 4.2 ppm 
Actual = 3.5 ppm Actual = 4.2 ppm 
~ P Methyl protons (CH3)= 0.9 ppm 
H HH H| O H H Beta to oxygen= +0.6 ppm 
va X, m 1.5 ppm 
HG o o Chg Actual = 1.3 ppm 
H H 


x Methylene protons (CH2)= 1.2 ppm 

Alpha to carbonyl = +1.0 ppm 

Beta to oxygen = +0.5 ppm 

Methyl protons (CH3)= 0.9 ppm ya 2.7 ppm 
Beta to oxygen = +0.5 ppm Actual = 2.6 ppm 


1.4 ppm 


Actual = 1.2 pom 


(c) Using the values provided in Tables 15.1 and 15.2, 


15.10. 
(a) Using the values provided in Tables 15.1 and 15.2, we expect the following chemical shifts: 


we expect the following chemical shifts: 


~2ppm 
~45-6.5 ppm ~2ppm 
~2ppm 
~ 10 ppm ~ 1.2 ppm 
H Pá 
O HIH H y Sa H H 
aN Q ZA H CH3 
H H 
H H (H3 hah ~ 2.5 ppm m 
i H H 
x ý D ~ 1.2 ppm H H k 
2 ~ 1.2 ppm 
3 ppm ~4.5-6.5 ppm | dee 
~ 4.9 - 9.9 ppm 
~2 ppm 


(b) Using the values provided in Tables 15.1 and 15.2, 


we expect the following chemical shifts: (d) Using the values provided in Tables 15.1 and 15.2, 


we expect the following chemical shifts: 


~4.5-6.5 ppm ~ 3.7 ppm 
~4.5-6.5 ppm Ka A 
L 
A 4 o Z 
D O H3C >a 
| H Lo H3C CH3 
~ 2.5 ppm 
mee O-H ~3.4 ppm OP 
ra ee NX 
= ~ 1.4 ppm 
2 ppm y ~2-5 ppm 
~ 2.5 ppm 
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15.11. Among the integration values provided, the 
lowest number is 33.2, so we divide all integration 
values by 33.2, giving the following ratio: 
Let tasti ts 
Since there is no such thing as a half of a proton, these 
numbers must represent 2, 3, 2, and 3 protons, 
respectively. This is confirmed by the molecular 
formula, which indicates that the compound has ten 
hydrogen atoms. 
Therefore, 
The signal at 4.0 ppm represents two protons. 
The signal at 2.0 ppm represents three protons. 
The signal at 1.6 ppm represents two protons. 
The signal at 0.9 ppm represents three protons. 


15.12. Among the integration values provided, the 
lowest number is 17.1, so we divide all integration 
values by 17.1, giving the following ratio: 
led 41.23 
The molecular formula indicates that the compound has 
ten hydrogen atoms, so the numbers above are not only 
relative values, but they are also exact values. 
Therefore, 
The signal at 9.6 ppm represents one proton. 
The signal at 7.5 ppm represents five protons. 
The signal at 7.3 ppm represents one proton. 
The signal at 2.1 ppm represents three protons. 


15.13. Among the integration values provided, the 
lowest number is 18.92, so we divide all integration 
values by 18.92, giving the following ratio: 
1:1:1 

The molecular formula indicates that the compound has 
six hydrogen atoms (not just three), so the numbers 
above are only relative values. Each signal must actually 
represent two protons. 


15.14. We expect a total of eight signals in the 'H 
NMR spectrum of phenylalanine; note the symmetry in 
the benzene ring and the nonequivalent diastereotopic 
protons next to the chiral center bearing the NH2 group. 


1H 1H 
H H H (@) 


2H 


Sa Sin 


H 


Cinnamic acid has a simpler 'H NMR spectrum with 
only six signals. 


1H 
HAM (H o 
ae 1H 
= OH 
H 
1H H H 1h 
H 


15.15. 

(a) This compound has four different kinds of protons, 
highlighted here. In each case, we apply the n+1 rule, 
giving the multiplicities shown: 


o 
O. ÍCH; 
D e 
H H H ‘ 


H 


LIN 


quartet 


triplet 


singlet 


(b) This compound has four different kinds of protons, 
highlighted here. In each case, we apply the n+1 rule, 
giving the multiplicities shown: 


ahe = 
/% O 


doublet 


singlet singlet 


septet 

(c) This compound has four different kinds of protons, 
highlighted here. In each case, we apply the n+1 rule, 
giving the multiplicities shown: 


singlet 
O [H H 
CH3 
H3C CH3 
y H3C CH3 CH3 
singlet l Y 
singlet singlet 


(d) This compound has six different kinds of protons, 
highlighted here. In each case, we apply the n+1 rule, 
giving the multiplicities shown: 

triplet 


= 
alie 


H | CH3 


doublet 
quartet 
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15.16. Considering the n+1 rule, we recognize that a 
doublet must have only one neighboring proton. This 
compound has eight different kinds of protons, but only 
the two indicated below are each expected to give rise to 
a doublet signal: 


HC) HH O (HH 


m 
4 or CH3 


CH 
3 —a doublet 


doublet 4*7 


15.18. 
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15.17. 

(a) The spectrum exhibits the characteristic pattern of an 
isopropyl group (a septet with an integration of one, and 
a doublet with an integration of six). 

(b) The spectrum exhibits the characteristic pattern of an 
isopropyl group (a septet with an integration of one, and 
a doublet with an integration of six) as well as the 
characteristic pattern of an ethyl group (a quartet with an 
integration of two, and a triplet with an integration of 
three). 

(c) The spectrum exhibits a singlet with a relative 
integration of 9 (because 55.0 / 6.0 ~ 9), which is the 
characteristic pattern of a tert-butyl group. 

(d) The spectrum does not exhibit the characteristic 
pattern of an ethyl group, an isopropyl group, or a tert- 
butyl group. 


(a) To determine the expected splitting pattern for the signal corresponding to Ha, we must consider the effects of the 
two non-equivalent neighbors, Hp and He, The former is coupled to Ha with a coupling constant Jab (11 Hz), and the 
latter is coupled to Ha with a coupling constant Jac (17 Hz). We begin with the larger coupling constant (Jac in this 
case), which splits the signal into a doublet. Then, each peak of this doublet is then further split into a doublet because 
of the effect of Hp. The result is a doublet of doublets. It can be distinguished from a quartet because all four peaks 
should have roughly equivalent integrations values (if integrated individually), as opposed to a quartet, in which the 


individual peaks have a relative integration of 1:3: 3:1. 


= Jac 


(17 Hz) 


< Jab > 


(11 Hz) 


-%4 Jab x= 


(11 Hz) 


(b) To determine the expected splitting pattern for the 
signal corresponding to H», we must consider the effects 
of the two non-equivalent neighbors, Ha and He, The 
former is coupled to Hb with a coupling constant Jab (11 
Hz), and the latter is coupled to Hb with a coupling 
constant Joc (1 Hz). We begin with the larger coupling 
constant (Jab in this case), which splits the signal into a 
doublet. Then, each peak of this doublet is then further 
split into a doublet because of the effect of He. The result 
is a doublet of doublets. 


Hp 


<<. Jab z 


(11 Hz) 


(1 Hz) (1 Hz) 
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(c) To determine the expected splitting pattern for the signal corresponding to Hc, we must consider the effects of the 
two non-equivalent neighbors, Ha and Hb, The former is coupled to He with a coupling constant Jac (17 Hz), and the 
latter is coupled to He with a coupling constant Joc (1 Hz). We begin with the larger coupling constant (Jac in this case), 


which splits the signal into a doublet. Then, each peak of this 
effect of Hb. The result is a doublet of doublets. 


doublet is then further split into a doublet because of the 


He 
< dos > 
(17 Hz) 
Joc ly be 
(1 Hz) (1 Hz) 


15.19. 

(a) This compound is expected to produce four signals in 
its 'H NMR spectrum. For each signal, its expected 
chemical shift, multiplicity, and integration are shown. 


6 = 1.2 +1 = 2.2 ppm 
m= triplet 
I= 2H 


8 = 1.2 +0.2 +0.1= 1.5 ppm 


m = triplet of triplets c— 
I = 2H 


H 


H H 
6 = 1.2 + 0.6 = 1.8 ppm Í 
m= triplet of triplets § = 124+3=42 pom 
I = 2H es Hes 

m= triplet 

I = 2H 


(b) This compound has rotational and reflectional 
symmetry: 


O oO O 
o JLo 
i ora H 
So we expect its 'H NMR spectrum to exhibit only five 
signals, corresponding with the following highlighted 


protons. For each signal, its expected chemical shift, 
multiplicity, and integration are shown. 


8 = 1.2405+02=19ppm 6 = 1.24+25=3.7 ppm 
m= triplet m= triplet 
J = 2H \ I = 2H 
o j o 
pe 
im : 
5 = 10 ppm 
m= singlet 
T= 1H 8 = 1.2 +2.5 + 1.0 = 4.7 ppm 
5 = 0.9+0.2=1.1ppm MZ Singlet 
3 I = 2H 
m= singlet 
I = 6H 


15.20. GHB is expected to produce five signals in its 'H NMR spectrum. For each signal, its expected chemical shift, 
multiplicity, and integration are shown below. Note that OH protons typically do not couple with neighboring protons, 
and as a result, no splitting occurs. Furthermore, OH signals generally appear as broad singlets. 


6=1.2+0.5+0.2 = 1.9 ppm 
m = quintet, or triplet of triplets, depending on J values 


|= 2H Ni 
6 = ~2-5 ppm HOH 
m = singlet (broad) ==> H—O 
1=1H 
H HH 

6=1.2+ 2.5 = 3.7 ppm 

m = triplet 

|= 2H 


(6) 
5 =~12 ppm 
O-H <= pm = singlet (broad) 
H 1=1H 
ô= 1.2 + 1.0 = 2.2 ppm 
m = triplet 
|=2H 
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15.21. 

(a) The first compound will have only three signals in its 
'H NMR spectrum, while the second compound will 
have six signals. 

(b) Both compounds will exhibit 'H NMR spectra with 
only two singlets. In each spectrum, the relative 
integration of the two singlets is 1:3. In the first 
compound, the singlet with the smaller integration value 
will be at approximately 2 ppm. In the second 
compound, the singlet with the smaller integration value 
will be at approximately 4 ppm. 

(c) The first compound will have only two signals in its 
H NMR spectrum, while the second compound will 
have three signals. 

(d) The first compound will have five signals in its 'H 
NMR spectrum, while the second compound will have 
only three signals. 

(e) The first compound will have only two signals in its 
H NMR spectrum, while the second compound will 
have four signals. 

(£) The first compound will have only one signal in its 'H 
NMR spectrum, while the second compound will have 
two signals. 


15.22. 


(a) Both compounds will have very similar 'H NMR 
spectra, with the same number of signals, splitting 
patterns and integration values. The only difference will 
be the location of the 2H quartet signal. For the first 
structure, this signal is expected to appear near 2.2 ppm, 
because it is a methylene group (benchmark value = 1.2 
ppm) next to a carbonyl group (+1). For the second 
structure, this signal will appear at approximately 4.2 
ppm, because it is a methylene group next to an oxygen 
atom (+3): 


oO 
>< 
H H HoW o 
6 =124+1=22ppm 6 =1.2 + 2.5 = 3.7 ppm 
| =2H | =2H 
m = quartet m = quartet 


Likewise, the adjacent methyl group, B to the ester 
oxygen, would be expected to exhibit a different shift 
(though less pronounced than observed for the 
a—methylene) than the corresponding methyl group that 
is P to the ketone carbonyl. 


(b) These compounds are indeed expected to exhibit a 
different number of signals in their 'H NMR spectra. 
However, most of the signals will appear in the region 1- 
2 ppm (in each spectrum), and may overlap, making it 
difficult to count the number of signals. The only 
distinctive peaks will be the vinyl and aldehyde signals. 
In fact, the presence or absence of a signal near 10 ppm 
is the easiest way to differentiate these compounds. The 
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second compound is an aldehyde so it is expected to 
produce a signal near 10 ppm. The first compound will 
lack such a signal. 


15.23. 

(a) The molecular formula (CsHi00) indicates four 
degrees of unsaturation (see Section 14.16), which is 
highly suggestive of an aromatic ring. To determine the 
relative integration values, we divide each of the 
integration values by 9.1, giving a ratio of approximately 
5 :2:2:1. Since the compound has ten protons, the 
numbers above are not only relative values, but they are 
also exact values. Now let’s analyze each of the signals 
individually. 

The signal just above 7 ppm confirms our suspicion of an 
aromatic ring. This signal has an integration of 5H, 
indicating a monosubstituted aromatic ring: 


The spectrum also exhibits two triplets (just below 3 
ppm and just below 4 ppm), indicating two methylene 
groups connected to each other: 


= 


-; 


LO 


Each of these signals appears more downfield than we 
might expect for a methylene group (1.2 ppm), so each 
of these methylene groups must be connected to a group 
that causes a deshielding effect. This must be taken into 
account in our final structure. 

If we inspect the two fragments that we have determined 
thus far (the monosubstituted aromatic ring and the 
methylene groups that neighbor each other), we will find 
that these two fragments account for nearly all of the 
atoms in the molecular formula (CsHi00). We only need 
to account for one more proton and one oxygen atom. 
The singlet at 2 ppm has an integration of 1, so this 
signal corresponds with only one proton (with no 
neighbors), so we conclude that the compound has an 
OH group. 

There is only one way to assemble the three fragments: 


H H 
i 
; ¢-c-} Sov 
H H 
H H 
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This structure is consistent with all of the signals, 
including the chemical shifts of the two triplets, which 
can be explained by the electron withdrawing effect of 
the oxygen atom as well as the local magnetic field 
established by the aromatic ring. 


(b) The molecular formula (C7Hi4O) indicates one 
degree of unsaturation (see Section 14.16), which means 
that the compound must possess either a double bond or 
a ring. To determine the relative integration values, we 
divide each of the integration values by 10.8, giving a 
ratio of approximately 1 : 6. This spectrum has the 
characteristic pattern of an isopropyl group (a doublet 
with a relative integration of 6 and a septet with a 
relative integration of 1). 


mee 
C ~c-CX 
H | H 


ANNANN 


An isopropyl group only contains seven protons, but 
there are fourteen protons in the compound (C7H140). 
We therefore conclude that the compound must contain 
two isopropyl groups, which are interchangeable by 
symmetry: 


? 
isopropyl isopropyl 


Notice that the two isopropyl groups account for all but 
one of the carbon atoms in the compound. Therefore, 
there can only be one carbon atom in between the two 
isopropyl groups. This carbon atom cannot have any 
protons, since we don’t see any other signals in the 'H 
NMR spectrum. Also, we must still account for one 
oxygen atom (C7H140), and we said that the compound 
must contain one degree of unsaturation. This all points 
to a carbonyl group at the central position: 


(0) 


This structure is indeed consistent with the observed 
chemical shift at 2.7 ppm for the methine (CH) protons 
(1.7 + 1 = 2.7 ppm). 


(c) The molecular formula (CioHi14O) indicates four 
degrees of unsaturation (see Section 14.16), which is 
highly suggestive of an aromatic ring. 

The signals near 7 ppm are likely a result of aromatic 
protons. Notice that the combined integration of these 
two signals is 4H. This, together with the distinctive 
splitting pattern (a pair of doublets), suggests a 1,4- 
disubstituted aromatic ring: 


H H 


The spectrum also exhibits a singlet with an integration 
of 9H (at approximately 1.4 ppm) which is characteristic 


of a tert-butyl group. 


If we inspect the two fragments that we have determined 
thus far (the disubstituted aromatic ring and the tert-butyl 
group), we will find that these two fragments account for 
nearly all of the atoms in the molecular formula 
(CioH140). We only need to account for one more 
proton and one oxygen atom. The peak just under 5 ppm 
has an integration of 1, so this signal corresponds with 
only one proton (with no neighbors), so we conclude that 
the compound has an OH group. This signal is broad, 
which is often (although not always) the case for signals 
arising from OH groups. 

There is only one way to assemble the three fragments: 


On 
1 / 
yk 


(d) The molecular formula (C4H6O2) indicates two 
degrees of unsaturation (see Section 14.16), which 
means that the compound must possess either two double 
bonds, or two rings, or one ring and one double bond, or 
a triple bond. 

To determine the relative integration values, we divide 
each of the integration values by 19.46, giving a ratio of 
approximately 1: 1:1. The molecular formula indicates 
six protons (rather than three), so the relative integration 
values must correspond with two protons for each signal. 
That is, the spectrum indicates the presence of three 
different methylene groups. From the splitting patterns 
(a triplet, a triplet, and a triplet of triplets), we can 
conclude that the three methylene groups are connected 
to each other: 


HO—$ 


H H H 
| | | 
si cucuct$ 
| | | 
H H H N 
triplet pa triplet 
triplets 
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Now let’s focus on the chemical shifts of the triplets (2.4 
ppm and 4.3 ppm). Both signals are shifted downfield 
(relative to 1.2 ppm for a typical methylene group). One 
of these signals is significantly shifted downfield, 
perhaps because it is next to an oxygen atom (after all, 
the molecular formula indicates that there are two 
oxygen atoms in the compound): 


H H 
T VERE 
PE 


The other triplet is also shifted downfield, but the effect 
is weaker. This seems consistent with the effect of a 
carbonyl group: 


(0) 


IIi ih 
{0-0-0-0 
H H H 


The central methylene group is beta to both the oxygen 
atom and the carbonyl group, and it feels the distant 
effects of both (explaining why that signal is shifted 
somewhat downfield itself). 

The fragment above accounts for ALL of the atoms in 
the molecular formula, yet we are still missing one 
degree of unsaturation (the product must contain two 
degrees of unsaturation, but the fragment above has only 
one degree of unsaturation). Therefore, we close the 
ends together, giving the following structure: 


(0) 

S= 

(e) The molecular formula (CoHi00) indicates five 
degrees of unsaturation (see Section 14.16), which is 
highly suggestive of an aromatic ring, in addition to 
either one double bond or one ring. 

To determine the relative integration values, we divide 
each of the integration values by 13.9, giving a ratio of 


approximately 1 : 1.5 : 1 : 1.5. Since the compound has 
ten protons, the numbers above must correspond with: 


2232233 


Now let’s analyze each of the signals individually. 

The signals near 7 ppm are likely a result of aromatic 
protons. Notice that the combined integration of these 
signals is 5H, indicating a monosubstituted aromatic 
ring: 
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The spectrum also exhibits the characteristic pattern of 
an ethyl group (a quartet with an integration of 2 and a 
triplet with an integration of 3): 


i 
oa 
H H 


If we inspect the two fragments that we have determined 
thus far (the monosubstituted aromatic ring and the ethyl 
group), we will find that these two fragments account for 
nearly all of the atoms in the molecular formula 
(CoH100). We only need to account for one more carbon 
atom and one oxygen atom. And let’s not forget that our 
structure still needs one more degree of unsaturation, 
suggesting a carbonyl group: 


(f) The molecular formula (CsH120) indicates no degrees 
of unsaturation (see Section 14.16), which means that the 
compound does not have a z bond or a ring. 

To determine the relative integration values, we divide 
each of the integration values by 13.6, giving a ratio of 
approximately 1 : 2 : 6: 3. Since the compound has 
twelve protons, the numbers above are not only relative 
values, but they are also exact values. 

Now let’s analyze each of the signals individually. 

Let’s begin with the two signals that represent the 
characteristic pattern for an ethyl group (a quartet with 
an integration of 2 and a triplet with an integration of 3). 


| l 
ie 
H H 


The singlet at 1.2 ppm has an integration of 6, indicating 
two methyl groups that can be interchanged via 
symmetry (and they cannot have any neighboring 
protons). 


? 
methyl m ED methyl 


The singlet at 2.2 ppm has an integration of 1, so this 
signal corresponds with only one proton (with no 
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neighbors), so we conclude that this likely represents an 
OH group (the molecular formula indicates the presence 
of an oxygen atom). 

If we inspect the fragments that we have determined thus 
far (an ethyl group, two methyl groups and an OH 
group), we will find that these fragments account for all 
of the atoms in the molecular formula (CsHi00) except 
for one carbon atom. Indeed, this carbon atom is 
necessary to connect all of the fragments, as shown: 


15.24. The molecular formula (CioH100s) indicates six 
degrees of unsaturation (see Section 14.16), which 
suggests an aromatic ring as well as two other degrees of 
unsaturation. 

To determine the relative integration values, we divide 
each of the integration values by 52, giving a ratio of 
approximately 1 : 1.5. Since the compound has ten 
protons (C10H1004), the numbers above must correspond 
to four protons and six protons, respectively. 

Now let’s analyze each of the signals individually. The 
signal at 8.1 ppm is significantly downfield, and likely 
represents aromatic protons. Since it is a singlet with an 
integration of 4, it must correspond with a 1,4- 
disubstituted aromatic ring in which both substituents are 
identical (therefore rendering all four aromatic protons 
equivalent). 


The other signal has an integration of 6, which likely 
represents two equivalent methyl groups 


(interchangeable by symmetry). Since the signal is a 
singlet, these methyl groups must not have any 
neighbors. The chemical shift is consistent with these 
methyl groups being connected to oxygen atoms: 


ee i 
ye ? oe 
H 


If we inspect the fragments that we have determined thus 
far (a 1,4-disubstituted aromatic ring, and two methoxy 
groups), we will find that these fragments account for all 
of the atoms in the molecular formula (C10H1004) except 
for two carbon atoms and two oxygen atoms. Recall that 
the compound must have six degrees of unsaturation, and 
the fragments above only account for four degrees of 
unsaturation. Therefore, the remaining two carbon 
atoms and two oxygen atoms are likely carbonyl groups: 


There are certainly a few different ways to connect all of 
these fragments, but there is only one way to connect 
them without breaking the symmetry necessary to keep 
all four aromatic protons identical: 


ioe a i 
Hy ey HH 


O O 
HCO & OCH; 


15.25. Begin by calculating the HDI. The molecular formula indicates 9 carbon atoms and 1 nitrogen atom. These 
would require 21 hydrogen atoms in order to be fully saturated. There are only 13 hydrogen atoms, so 8 hydrogen 
atoms are missing. Therefore, the HDI is 4. This is a relatively large number, and it would be inefficient to think about 
all of the possible ways to have 4 degrees of unsaturation. Anytime we encounter an HDI of 4 or more, we should be 
on the lookout for an aromatic ring. Keep this in mind when analyzing the spectrum, which we expect to exhibit 


aromatic protons (near 7 ppm). 


Next, consider the number of signals and the integration value for each signal. Be on the lookout for integration values 
that suggest the presence of symmetry. For example, a signal with an integration of 4 would suggest two equivalent 


CH2 groups. 


The spectral data indicates a total of 6 signals. Let’s begin with the pair of triplets just below 3 ppm, each of which has 
an integration of 2. This suggests that there are two adjacent methylene groups. 


www.MyEbookNiche.eCrater.com 


CHAPTER 15 535 


H 


The singlet near 4 ppm has an integration of 3 which suggests an isolated methyl group, likely connected to an 
electronegative oxygen atom. A methoxy fragment, OCH3, seems likely. 


Moving downfield, there are 2 doublets near 7 ppm, each of which has an integration of 2. This pattern is characteristic 
of a 1,4-disubstituted benzene ring, bearing two different substituents (with different electronic demands). In such a 
case, there are two types of aromatic protons, each of which has an integration of 2 and is split into a doublet by its one 
neighbor: 


H H 
H H 
So far, we have the following three fragments: 
H H 
i 
a 0 Fo-G-H ; ; 
H H H 
H H 


These fragments collectively account for 9 carbon atoms, 11 hydrogen atoms, and 1 oxygen atom. If we inspect the 
molecular formula, we see that we have accounted for all of the carbon atoms and the oxygen atom, but we must still 
account for 2 more hydrogen atoms and 1 nitrogen atom. Therefore, we conclude that the broad singlet near 1 ppm is 
likely to be an NH2 group. We will see later (Chapter 22) that NH2 protons generally appear as broad signals between 
0.5 and 5.0 ppm. 

Next, we assemble the fragments. There are two reasonable ways to connect the fragments in this case. 


H H H H 
a ie 
H2N a ici a OCH3 
H H H H 
H H H H 


To distinguish between these two options, we consider chemical shifts. Note that the adjacent methylene groups appear 
fairly close to one another, near 3 ppm, indicating that neither is attached to the highly electronegative and deshielding 
oxygen atom. The first compound above shows a CH2 group connected to oxygen, and we expect that compound to 
produce a triplet somewhere near 4 ppm, which is absent from the spectral data. The second compound above has the 
two CH2 groups connected to an aromatic ring and an NH2 group, respectively, which is consistent with the observed 
chemical shifts of these triplets. The structure is redrawn here in conventional bond-line notation. 


Da Daa 
H2N 
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15.26. 

(a) The two methyl groups occupy identical 
environments (there is a conformation of this molecule in 
which the two methyl groups are interchangeable by 
reflectional symmetry), so the methyl groups are 
chemically equivalent. All of the other carbon atoms are 
unique, giving rise to a total of four signals. Three of the 
signals are produced by sp* hybridized carbon atoms (not 
connected to electronegative atoms), and are therefore 
expected to appear in the region 0 — 50 ppm. The fourth 
signal is produced by the carbon atom of the carbonyl 
group (C=O), which is expected to appear in the region 
150 — 220 ppm. 


(b) This compound exhibits symmetry, rendering the two 
methyl groups equivalent. Similarly, the ring has only 
four unique signals, because of symmetry. In total, the 
BC NMR spectrum of this compound should exhibit five 
signals. All five are produced by sp? hybridized carbon 
atoms (not connected to electronegative atoms) and are 
therefore expected to appear in the region 0 — 50 ppm. 


(c) Monosubstituted aromatic rings exhibit symmetry, 
giving only four unique carbon atoms in the aromatic 
ring. These four signals will appear in the region 100- 
150 ppm. Each of the carbon atoms of the ethyl group is 
unique, giving a total of six signals. The two signals of 
the ethyl group are produced by sp? hybridized carbon 
atoms (not connected to electronegative atoms) and are 
therefore expected to appear in the region 0 — 50 ppm. 


(d) The compound has no symmetry. Each of the carbon 
atoms is unique, giving a total of nine signals. Two 
signals appear in the region 0 — 50 ppm (sp? hybridized), 
one signal appears in the region 50 — 100 ppm (the sp? 
hybridized carbon atom attached to an oxygen atom), 
and six signals appear in the region 100 — 150 ppm (sp? 
hybridized). 


(e) The aromatic ring is 1,4-disubstituted so it exhibits 
symmetry, giving four unique carbon atoms in the 
aromatic ring (four signals). These four signals will 
appear in the region 100-150 ppm. In addition, there will 
be a signal for the carbon atom of the methoxy group, 
which will appear in the region 50 — 100 ppm (as 
expected for an sp? hybridized carbon atom attached to 
an oxygen atom). And finally there will be two signals 
in the region 0 — 50 ppm (for the sp? hybridized carbon 
atoms of the ethyl group). In total, there are seven 
signals. 


(f) This compound has symmetry, giving only five 
unique positions (highlighted): 


So the C NMR spectrum should have five signals. 
Three of them should appear in the region 0 — 50 ppm 
(sp? hybridized), and two signals should appear in the 
region 100 — 150 ppm (sp? hybridized). 


(g) None of the carbon atoms in this compound can be 
interchanged with any of the other carbon atoms in this 
compound via either reflection or rotation. All of the 
carbon atoms are unique, giving rise to seven signals. 
Five of them should appear in the region 0 — 50 ppm (sp? 
hybridized), and two signals should appear in the region 
100 — 150 ppm (sp? hybridized). 


(h) This compound exhibits a high degree of symmetry. 
All four methyl groups are interchangeable by either 
rotation or reflection, and therefore, all four methyl 
groups give rise to one signal, appearing in the region 0 — 
50 ppm (sp? hybridized). The two vinylic carbon atoms 
are also chemically equivalent, giving rise to one signal 
in the region 100 — 150 ppm (sp? hybridized). In total, 
there are only two signals. 


(i) This compound exhibits a high degree of symmetry. 
All four carbon atoms are interchangeable by either 
rotation or reflection, and therefore, all four carbon 
atoms give rise to one signal, appearing in the region 50 
— 100 ppm (as expected for an sp? hybridized carbon 
atom attached to an oxygen atom). 


(j) None of the carbon atoms in this compound can be 
interchanged with any of the other carbon atoms in this 
compound via either reflection or rotation. All of the 
carbon atoms are unique, giving rise to five signals. 
Among the two sp? hybridized carbon atoms, one of 
them should produce a signal in the region 0 — 50 ppm, 
and the other sp? hybridized carbon atom (connected to 
an oxygen atom) should appear in the region 50 — 100 
ppm. In addition, the two vinylic carbon atoms will each 
produce a signal in the region 100 — 150 ppm (sp? 
hybridized). And finally, the carbonyl group (C=O) will 
produce a signal in the region 150 — 220 ppm. 


15.27. Let’s first determine which diastereomer has the 
R configuration and which has the S configuration. When 
we place the hydrogen on a dash, the three substituents 
will be arranged such that the sequence of priorities (1— 
2-3) is clockwise; therefore, compound 3 (having the R 
configuration) will have the H on a dash. Since 
compound 4 has the S configuration, we would simply 
need to invert the configuration at that center, meaning 
the H should be placed on a wedge. 


Me3Si 


3-(R) © 


Upon close inspection, compound 3 has a plane of 
symmetry that compound 4 lacks. In fact, compound 3 is 
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a meso compound. As a result, compound 3 should 
exhibit only thirteen signals in its C NMR spectrum, 
while compound 4 should have twenty-three signals in 
its BC NMR spectrum. This would be an easy way to 
distinguish between these compounds. 


Plane of 
Symmetry 


3-(R) 


15.28. The molecular formula (CsHi0O) indicates one 
degree of unsaturation (see Section 14.16), which means 
that the compound must either have a double bond or a 
ring. The signal above 200 ppm (in the broadband- 
decoupled spectrum) indicates the source of the degree 
of unsaturation (C=O). The four signals in the range 0 — 
50 ppm represent four unique sp? hybridized carbon 
atoms. Two of them are upside-down in the DEPT-135 
spectrum, indicating that they are methylene groups. 
Based on the number of protons in the compound 
(CsHi00), the other two signals must be methyl groups 
(to give a total of ten protons). 

Now we must connect a carbonyl group, two methylene 
groups and two methyl groups. There are only two ways 
to do that: 


A S 


oO 


O 


Jue 


The first possibility cannot be correct because it has too 
much symmetry, and would have fewer signals. The 
latter structure is the only structure that is consistent with 
the data. 

O 


Ps 


15.29. The molecular formula (CsHi20) indicates no 
degrees of unsaturation (see Section 14.16), which 
means that the compound cannot have either a double 
bond or a ring. The signal at 73.8 6 must be produced by 
the carbon atom that is connected to the oxygen atom. 
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Notice that only one signal can be found in the range 50 
— 100 ppm, which is consistent with the compound being 
an alcohol, as indicated in the problem statement. There 
are only two other signals, indicating symmetry. Both of 
those signals represent sp? hybridized carbon atoms. The 
following structure meets these requirements: 


OH 


sA 


15.30. The molecular formula (C7H140) indicates one 
degree of unsaturation (see Section 14.16), which means 
that the compound must possess either a double bond or 
a ring. The signal above 200 ppm (in the broadband- 
decoupled spectrum) indicates the source of the degree 
of unsaturation (C=0). The five signals in the range 0 — 
50 ppm represent five unique sp? hybridized carbon 
atoms. As such, the spectrum has a total of six signals 
for a compound with seven carbon atoms. That means 
that one of the signals in the range 0 — 50 ppm must 
represent two carbon atoms (for example, two equivalent 
methyl groups — the 'H NMR data confirms the two 
equivalent methyl groups). Also notice that two of the 
signals are upside-down in the DEPT-135 spectrum, 
indicating that they are methylene groups. Based on the 
DEPT-90 spectrum, we can see that one of the signals is 
a CH group, while the last two signals must be methyl 
groups. There are several possible structures that are 
consistent with the information above, but only one of 
them is consistent with the 'H NMR spectrum. 
Specifically, the singlet at 1.9 ppm (with an integration 
of 3) indicates a methyl ketone. 


Consistent with 
1H NMR and 1°C NMR spectra 


TY 


Consistent only with 
13C NMR spectrum 


(0) 


Consistent only with 
13C NMR spectrum 
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15.31. Diisobutyl phthalate has an internal plane of symmetry, so the two isobutyl groups are chemically equivalent 
(since they can be interchanged by rotational symmetry); the symmetry also bisects the aromatic ring. Although there 
are 16 carbon atoms in DIBP, only 7 signals are thus expected in its broadband-decoupled '*C NMR spectrum. Using 
the values provided in Figure 15.22, we expect the following approximate chemical shifts: 


C c CH2 
100-150 200 50-100 CH3 
CH ppm, PPM ppm 0-50 
O /] J “4 ppm 
‘B42 CH 
6<— 0-50 ppm 


The DEPT-90 spectrum exhibits three signals for the CH groups: two in the sp? hybridized region 100-150 (C1 and 
C2), and one in the 0-50 ppm region (C6). The DEPT-135 spectrum exhibits five signals (only the quaternary carbon 
atoms, C3 and C4, are missing); there is one signal in the 50-100 ppm region that is a negative signal, indicating the 
presence of a methylene group (CH2) attached to an oxygen atom, CS. 


7 
12 5 6 
4 3 
3 Broadband- 
| decoupled 
t H t t t t t t t 
200 175 150 125 100 75 50 25 0 ppm 
| | | DEPT-135 
DEPT-90 
15.32. equivalent. This can be achieved with four equivalent 


(a) The molecular formula (CsHio0) indicates one degree methylene (CH2) groups. Four CH2 groups will be 


of unsaturation (see Section 14.16), which means that the 
compound must possess either a double bond or a ring. 
With only one signal in the spectrum, the structure must 
have a high degree of symmetry, such that all ten protons 
are equivalent. This is indeed the case for a five- 
membered ring (cyclopentane). There is no alkene with 
the molecular formula CsHio in which all ten protons 
occupy identical electronic environments. So 
cyclopentane is the only structure consistent with the 


spectral data: 


(b) The molecular formula (CsHsCl4) indicates no 
degrees of unsaturation (see Section 14.16), which 
means that the compound cannot have any double bonds, 
triple bonds, or rings. That is, the structure must be 
acyclic and cannot have any n bonds. With only one 
signal in the spectrum, the structure must have a high 
degree of symmetry, such that all eight protons are 


chemically equivalent if they are all attached to the same 
carbon atom (provided that all four CH2 groups are 
connected to identical groups): 


The molecular formula indicates five carbon atoms 
(which are now all accounted for) and four chlorine 
atoms, which can serve to cap the four loose ends shown 
above, like this: 


CI CI 


CI CI 
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(c) The molecular formula (Ci2His) indicates four 
degrees of unsaturation (see Section 14.16), which is 
highly suggestive of an aromatic ring. With only one 
signal in the spectrum, the structure must have a high 
degree of symmetry, such that all eighteen protons are 
equivalent. This can be achieved with six equivalent 
methyl groups, as seen in the following structure: 


15.33. The molecular formula (Ci2H24) indicates one 
degree of unsaturation (see Section 14.16), which means 
that the compound must possess either a double bond or 
a ring. With only one signal in the 'H NMR spectrum, 
the structure must have a high degree of symmetry, such 
that all twenty-four protons are equivalent. This can be 
accomplished with either twelve equivalent methylene 
(CH2) groups or eight equivalent methyl (CH3) groups. 
Since the former would use up all of the carbon atoms in 
the structure (all twelve), it is tempting to explore that 
possibility first. Indeed, a twelve-membered ring is 
comprised of twelve equivalent methylene groups, which 
should give rise to one signal in the 'H NMR spectrum. 
And this compound (cyclododecane) also exhibits the 
correct degree of unsaturation (HDI = 1). However, this 
structure would give only one signal in its BC NMR 
spectrum, and the problem statement indicates that the 
13C NMR spectrum has two signals. So, we consider our 
other alternative (eight equivalent methyl groups). If the 
structure has eight equivalent methyl groups, then we 
still need to account for four more carbon atoms, as well 
as one degree of unsaturation. We can account for all 
four carbon atoms in a four-membered ring (HDI = 1). 
In the following structure, all eight methyl groups are 
equivalent. 


This structure has a high degree of symmetry, and it will 
indeed give rise to two signals in its 3C NMR spectrum 
(one signal for all of the methyl groups, and another 
signal for all four carbon atoms of the ring). 


15.34. The molecular formula (Ci7H36) indicates no 
degrees of unsaturation (see Section 14.16), which 
means that the compound cannot have any double bonds, 
triple bonds, or rings. That is, the structure must be 
acyclic and cannot have any m bonds. With only one 
signal in the 'H NMR spectrum, the structure must have 
a high degree of symmetry, such that all thirty-six 
protons are equivalent. If all of these protons were 
methylene groups, then we would need at least eighteen 
carbon atoms, but the molecular formula indicates fewer 
than eighteen carbon atoms. So the thirty-six protons 
must be twelve equivalent methyl groups. Twelve 
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methyl groups cannot all be attached to the same carbon 
atom, because the central carbon atom cannot have 
twelve bonds. However, twelve methyl groups will be 
equivalent if they comprise four equivalent tert-butyl 
groups, attached to one carbon atom. 


This structure is consistent with all of the available data, 
and it is expected to give rise to three signals in its '°C 
NMR spectrum (one signal for the central carbon atom, 
another signal for the four carbon atoms connected to the 
central carbon atom, and then one last signal for all 
twelve, equivalent methyl groups). 


15.35. 

(a) All six methyl groups are equivalent (giving rise to 
one signal), while all four aromatic protons are also 
equivalent (giving rise to another signal). In total, we 
expect two signals. 


(b) All four aromatic protons are in unique environments 
(because of their proximity to the two substituents). 
Therefore, we expect four signals. 


(c) All four aromatic protons are in unique environments 
(because of their proximity to the two substituents). 
Therefore, we expect four signals. 


(d) This compound has two different kinds of protons 
(highlighted below), giving rise to two signals. 


H 
Cl H 


Cl 


Br 
H Br 


These two protons are homotopic 
(they produce one signal) 


These two protons are homotopic 
(they produce one signal) 


(e) The methine (CH) proton gives one signal, while the 
two methyl groups collectively give one signal (with an 
integration of 6). In total, we expect two signals. 


(f) The replacement test indicates that the two protons of 
the methylene group are diastereotopic. Therefore, each 
of these protons will produce its own signal. That is, the 
methylene group will give rise to two signals (because of 
the presence of the chiral center). The structure also has 
two methyl groups which are not equivalent to each 
other (because of their proximity to the Cl) so they also 
produce two different signals. Finally, the methine (CH) 
proton gives a signal, for a total of five signals. 


15.36. 
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(a) This compound has four different kinds of carbon 
atoms (highlighted below), giving rise to four signals. 


Oye “Ox 


These six methyl groups are all 
equivalent (giving one signal) 


These two carbon atoms are 
equivalent (giving one signal) 


O O 


These two carbon atoms are 
equivalent (giving one signal) 


These four carbon atoms are all 
equivalent (giving one signal) 


(b) Each of the six carbon atoms is in a unique 
environment (because of its unique proximity to the two 
substituents). Therefore, we expect six signals. 


(c) Each of the six carbon atoms is in a unique 
environment (because of its unique proximity to the two 
substituents). Therefore, we expect six signals. 


(d) This compound has four different kinds of carbon 
atoms (highlighted below), giving rise to four signals. 


Cl. $ Cly ê 
Br Br 


This carbon atom 
gives one signal 


This carbon atom 
gives one signal 


Cl. ^ CIS 5 
Br Br 


These two carbon atoms are 
equivalent (giving one signal) 


These two carbon atoms are 
equivalent (giving one signal) 


(e) The carbon atom of the methine (CH) group gives 
one signal, and the two methyl groups give one signal, 
for a total of two signals. 


(f) Each of the four carbon atoms is in a unique 
environment, because of its proximity to the substituent. 
Therefore, we expect four signals. 


15.37. The first compound exhibits symmetry that 
causes some of the carbon atoms to be equivalent 
(similar to the symmetry present in 15.36d). As such, 
the first compound will have five signals in its C NMR 
spectrum. In contrast, the second compound lacks this 


symmetry. Each carbon atom occupies a unique 
environment, so the second compound is expected to 
produce seven signals in its $C NMR spectrum. 


15.38. This compound has six different kinds of protons, 
highlighted here. In each case, we apply the n+1 rule, 


giving the multiplicities shown: 


triplet 


pi 


H H| O CH3 
H3C CH3 


H3C z 
`i 


—— doublet 


HC (H HH H 


septet of triplets 
T or triplet of septets 
(multiplet) 


. doublet 
singlet 


triplet 

15.39. 

(a) The first compound has a very high degree of 
symmetry, and will produce only four only signals in its 
BC NMR spectrum, while the second compound will 
produce twelve signals. 

Also, the first compound will produce only two signals 
in its 'H NMR spectrum, while the second compound 
will produce eight signals. 


(b) The first compound is a meso compound. Two of the 
protons are enantiotopic (the protons that are alpha to the 
chlorine atoms) and are therefore chemically equivalent. 
As such, the first compound will only have two signals 
in its 'H NMR spectrum, while the second compound 
will have three signals. For a similar reason, the first 
compound will only have two signals in its BC NMR 
spectrum, while the second compound will have three 
signals. 


(c) The C NMR spectrum of the second compound will 
have one more signal than the C NMR spectrum of the 
first compound. The 'H NMR spectra will differ in the 
following way: the OH group in the first compound will 
produce a singlet somewhere between 2 and 5 ppm with 
an integration of 1, while the methoxy group in the 
second compound will produce a singlet at 
approximately 3.4 ppm with an integration of 3. 


(d) The first compound has symmetry that is not present 
in the second compound. As such, the first compound 
will have three signals in its C NMR spectrum, while 
the second compound will have five signals. 

For similar reasons, the first compound will have two 
signals in its 'H NMR spectrum, while the second 
compound will have four signals. 


15.40. The molecular formula (CsHis) indicates no 
degrees of unsaturation (see Section 14.16), which 
means that the compound does not have a z bond or a 
ring. With only one signal in its 'H NMR spectrum, the 
structure must have a high degree of symmetry, such that 
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all eighteen protons are equivalent. This can be achieved 
with six equivalent methyl groups, which account for six 
of the eight carbon atoms. The remaining two carbon 
atoms can be placed at the center of the structure, 
rendering all six methyl groups equivalent, like this: 


We 


This compound will exhibit two signals in its C NMR 
spectrum (one signal for the two central carbon atoms, 
and another signal for the six methyl groups). 


15.41. 
(a) The replacement test gives the same compound, so 
the protons are homotopic: 


cl. Cl Cl. Cl 
dns An, 
H Me D Me 


Same compound 


(b) The replacement test gives enantiomers, so the 
protons are enantiotopic: 


Å, A, 
—— 


Enantiomers 


(c) The replacement test gives enantiomers, so the 
protons are enantiotopic: 


T 


O y Pi 


Enantiomers 


(d) The replacement test gives the same compound, so 
the protons are homotopic: 


Same compound 
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(e) The replacement test gives diastereomers, so the 
protons are diastereotopic: 


D 


— n 
Diastereomers 


These compounds are diastereomers because they are 
stereoisomers that are not mirror images of each other. 
If it seems to you like they should be enantiomers, keep 
in mind that each of these compounds has three chiral 
centers, and these compounds differ only in the 
configuration of one of the three chiral centers (each of 
the bridgehead positions is a chiral center). 


(£) The replacement test gives the same compound, so 
the protons are homotopic: 


c cl c cl 


Same compound 


(g) The replacement test gives diastereomers, so the 
protons are diastereotopic: 


Me Me 
H D 
am D "y H 
Diastereomers 


(h) The replacement test gives diastereomers, so the 
protons are diastereotopic: 


Diastereomers 
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(i) The replacement test gives the same compound, so the 
protons are homotopic: 


F F 


J 
= y 


Same compound 


(j) The replacement test gives the same compound, so 
the protons are homotopic: 


D H 
an H ANID) 


Same compound 


(k) The replacement test gives the same compound, so 
the protons are homotopic: 


HO D 
hag 
S J 


Same compound 


() The replacement test gives diastereomers, so the 
protons are diastereotopic: 


HO. D HO n 
aa H vn D 
OH OH 
S p 
Va 
Diastereomers 


(m) The replacement test gives enantiomers, so the 
protons are enantiotopic: 


MeO D MeO H 


ü ú H — I D 


Enantiomers 


(n) The replacement test gives diastereomers, so the 
protons are diastereotopic: 


Diastereomers 


(0) The replacement test gives the same compound, so 
the protons are homotopic: 


Cl wel Cl aw CI 


D H H D 


— 


Same compound 


15.42. This compound has four aromatic protons. 
Because of their relationship with the respect to the ring 
(symmetry), we expect two types of protons, giving rise 
to a pair of doublets between 7 and 8 ppm: 


H H H 
RAR 
H H Cl 
H H H 
H H 
H (0) H 


The structure also has an ethyl group, so we expect the 
characteristic pattern of signals for an ethyl group. 
Specifically, we expect a triplet with an integration of 3 
(corresponding to the CH3 of the ethyl group) and a 
quartet with an integration of 2 (corresponding to the 
CH2 of the ethyl group). 


H H H 
H vas 
H H cl 
JOG. 
G H 
H O H 


The signal for the CH2 of the ethyl group is expected to 
appear at 1.2 + 1 = 2.2 ppm, while the signal for the CH3 
of the ethyl group is expected to appear at 0.9 + 0.2 = 1.1 
ppm. 

Finally, there are two neighboring methylene groups, 
shown here: 


H H H 
A NS 
H H Cl 
H H 
H Oo H 
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Each of these signals is expected to be a triplet with an 
integration of 2. And each of these signals is expected to 
be shifted downfield, because of the electron- 
withdrawing effects of the chlorine atom and oxygen 
atom. As seen in Section 16.5, each Cl adds 
approximately +2, and oxygen adds approximately +2.5 
ppm. The CH2 next to the oxygen atom should produce 
a signal near 1.2 + 2.5 + 0.4 = 4.1 ppm. The last term 
(+0.4) was for the effect of the distant Cl (one-fifth of 
2.0). The CH2 next to the Cl should produce a signal 
near 1.2 + 2.0 + 0.5 = 3.7 ppm. 

The following hand-drawn spectrum shows all of the 
signals described above. 


o W dho 


aaaeeeaa 


97 bob S H 2 QA ıı 
ren 


15.43. 

(a) Each of the protons occupies a unique environment, 
and therefore, we expect four signals in the 'H NMR 
spectrum of this compound. 


(b) All of the halogens withdraw electron density from 
the neighboring proton, causing a downfield shift. But 
the effect will be strongest for fluorine (the most 
electronegative) and weakest for iodine (the least 
electronegative of the halogens in this compound). 


Increasing chemical shift 
ISIS 
H > Hyp > He > Ha 


(c) Each of the carbon atoms occupies a unique 
environment, and therefore, we expect four signals in the 
13C NMR spectrum of this compound. 


(d) The carbon atoms follow the same trend exhibited 
by the protons. 


15.44. The molecular formula (CoHis) indicates one 
degree of unsaturation (see Section 14.16), which means 
that the compound must possess either a double bond or 
a ring. With only one signal in the 'H NMR spectrum, 
the structure must have a high degree of symmetry, such 
that all eighteen protons are equivalent. This can be 
accomplished with either nine equivalent methylene 
(CH2) groups or six equivalent methyl (CH3) groups. 
Since the former would use up all of the carbon atoms in 
the structure (all nine), it is tempting to explore that 
possibility first. Indeed, a nine-membered ring is 
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comprised of nine equivalent methylene groups, which 
should give rise to one signal in the 'H NMR spectrum: 


And this compound (cyclononane) also exhibits the 
correct degree of unsaturation (HDI = 1). However, this 
structure would give only one signal in its BC NMR 
spectrum, and the problem statement indicates that the 
3C NMR spectrum has two signals. So, we consider our 
other alternative (six equivalent methyl groups). If the 
structure has six equivalent methyl groups, then we still 
need to account for three more carbon atoms, as well as 
one degree of unsaturation. We can account for all three 
carbon atoms in a three-membered ring (HDI = 1). In 
the following structure, all six methyl groups are 
equivalent. 


This structure has a high degree of symmetry, and it will 
indeed give rise to two signals in its C NMR spectrum 
(one signal for all of the methyl groups, and another 
signal for all three carbon atoms of the ring). 


15.45. 
(a) This compound has three different methylene (CH2) 
groups, giving rise to three separate signals. 


In addition, each of the three methyl groups gives its 
own unique signal, as none of the methyl groups are in 
identical electronic environments (the two methyl groups 
on the left side of the structure are not in identical 
environments, because one is trans to the main chain, 
while the other is cis to the main chain): 


Ties 5 Tee ie 


Each of the vinylic CH groups are different, giving rise 
to two more signals: 


SS 
> OH 


H H 


And finally, the proton of the OH group gives one last 
signal, for a total of 3+3+2+1=9 signals. 
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(b) The methyl group gives one signal, and then each of 
the remaining protons gives rise to its own signal, for a 
total of six signals: 


Note that all of the vinylic protons are different from 
each other. For example, the following two vinylic 
protons are different from each other even though they 
are connected to the same carbon atom: 


CH3 
cis ——_H ZA 
to methyl group aa 
H <= trans 


to methyl group 


15.46. Four CH2 groups can be chemically equivalent 
if they are all attached to the same carbon atom 
(provided that the four CH2 groups are all connected to 
identical groups: 


The molecular formula indicates a total of nine carbon 
atoms and twenty hydrogen atoms, but the structure 
above only accounts for five carbon atoms and eight 
hydrogen atoms. We must still account for another four 
carbon atoms and twelve hydrogen atoms. This can be 
accomplished if we simply connect a methyl group to 
each of the CH2 groups, giving the following structure: 


X 


The four methyl groups are chemically equivalent, 
giving rise to only signal. As such, the !H NMR 
spectrum of this compound is expected to exhibit only 
two signals (one for the CH2 groups and the other for the 
CH; groups). 


15.47. Below are the expected chemical shifts for each 
of the seven signals in this compound: 


6.5-8ppm ~5ppm ~3.7 ppm 


o i 7 ~1.4 ppm 
H DH A 


~ 2.5 ppm 


15.48. 

(a) Symmetry in the ring gives four different signals for 
the carbon atoms of the ring, in addition to two signals 
for the vinylic carbon atoms. So in total, we expect six 
signals, all of which result from sp? hybridized carbon 
atoms, and therefore, we expect all six signals to appear 
in the region 100 — 150 ppm. 


(b) Each of the carbon atoms of the ring occupies a 
unique environment, giving six signals. The two methyl 
groups occupy identical environments (they are 
interchangeable by reflectional symmetry), so they 
produce one signal. This can be seen more clearly if we 
draw wedges and dashes to illustrate the 3D orientation 
of the methyl groups: 


This gives a total of seven signals. The signal resulting 
from the carbon atom of the carbonyl group is expected 
to appear in the region 150 — 220 ppm, while the 
remaining six signals should appear in the region 0 — 50 


(c) The compound is symmetrical, so we only need to 
consider half of the structure. We expect a total of four 


signals, corresponding with the following unique 
positions: 
O 
AA N 
DA 9 


0A 
y 


The signal from the carbon atom of the methyl group 
(sp? hybridized) will appear in the region 0 — 50 ppm. 
The carbon atom of the methylene (CH2) group is also 
sp? hybridized, but it is next to an oxygen atom. So we 
expect that signal to appear in the region 50 — 100 ppm, 
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together with the signal from the sp hybridized carbon. 
Finally, the signal from the carbonyl group is expected to 
appear in the region 150 — 220 ppm. 


15.49. Let’s begin by drawing the reaction described in 
the problem statement: 


Cl 


HCl 


The Markovnikov product has symmetry that the anti- 
Markovnikov product lacks. As such, a 'H NMR 
spectrum of the Markovnikov product should have fewer 
signals than a 'H NMR spectrum of the anti- 
Markovnikov product. 


15.50. 

(a) The compound has a high degree of symmetry, and 
there are only two unique aromatic protons, highlighted 
below, giving rise to two signals. 


Each of the remaining aromatic protons can be 
interchanged with one of these positions (via either 
rotational or reflectional symmetry). 


(b) The presence of the methyl group renders all of the 
aromatic protons different from each other (because of 
their proximity to the methyl group). As such, we expect 
eight signals: 


H (H 

H CH3 

OOK, 
H (H 


(c) The compound has symmetry that renders some 
positions identical to other positions. As such, there are 
only four unique types of protons, highlighted below, 
giving rise to four signals. 
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(d) The compound has a high degree of symmetry that 
renders some positions identical to other positions. As 
such, there are only two unique types of protons, 
highlighted below, giving rise to two signals. 


H H 
H3C l CH3 
H3C CH3 

l 
H H 


(e) All three vinylic protons are in unique environments, 
so we expect three signals. 


H 
trans œ> ( H 
to nitro group NO2 


H G cis 


to nitro group 


(f) Each of the highlighted protons occupies a unique 
environment, giving rise to six signals: 


H O H 
H 
A DE CH3 
H H 


Note that the following positions are different from each 
other: 


H 
trans © (H p 
to oxygen atom A ; 
H <=—— cis 


to oxygen atom 


(g) The compound has a high degree of symmetry. As 
such, the two methyl groups occupy identical 
environments and collectively give rise to one signal. 
Similarly, all four protons of the two methylene (CH2) 
can be interchanged by either rotational or reflection 
symmetry, so these four protons will collectively give 
rise to one signal. In total, we expect only two signals: 


H3C, CH3 


H ISH 


H H 


(h) The methyl group will produce one signal. 


HC} Cl 
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Now let’s consider the remaining four protons. The two 
protons on wedges (highlighted below) are 
interchangeable via reflectional symmetry, so they are 
enantiotopic and therefore chemically equivalent. 


H3C Cl 


=H 
H 


I) 


Similarly, the two protons on dashes (highlighted below) 
are also interchangeable via reflectional symmetry, so 
they too are enantiotopic and therefore chemically 
equivalent. 

HC Cl 


In summary, we expect this compound to produce three 
signals in its 'H NMR spectrum. 


15.51. Among these three compounds, the first one 
(benzene) has aromatic protons, which are expected to 
produce a signal the farthest downfield (between 6.5 and 
8 ppm). Acetylenic protons give signals that are 
relatively upfield (near 2.5 ppm) while vinylic protons 
are expected to produce a signal in the range of 4.5 — 6.5 


Increasing chemical shift in 1H NMR spectroscopy 


H H 
© \—{ e= 
H H 


(6.5 — 8 ppm) 


(4.5—6.5 ppm) — (~ 2.5 ppm) 


15.52. In Section 15.5, the term “chemical shift” was 
defined in the following way: 


observed shift from TMS (in Hz) 


operating frequency of the instrument (in Hz) 


The problem statement indicates that the chemical shift 
of the proton is 1.2 ppm and the operating frequency of 
the spectrometer is 300-MHz. We then plug these values 
into the equation above, as shown: 


_ observed shift from TMS (in Hz) 
300 x 106 Hz 


1.2 x108 


which gives the following observed shift from TMS (in 
Hz): 


observed shift 
from TMS = (14.2 x108) x (300 x10°Hz) = 360 Hz 
(in Hz) 


15.53. The molecular formula (Ci3H2s) indicates no 
degrees of unsaturation (see Section 14.16), which 
means that the compound does not have a nz bond or a 
ring. The 'H NMR spectrum exhibits the characteristic 
pattern of an isopropyl group (a septet with an 
integration of 1 and a doublet with an integration of 6): 


Pee 
~C~c- 
H | H 


NANNAN 


/ 
—H 
e< 


However, there are no other signals in this spectrum, and 
the molecular formula indicates that there are 28 protons 
(not just 7 protons, as we would expect for an isopropyl 
group). So the compound must be highly symmetrical, 
with four equivalent isopropyl groups (to account for all 
28 protons). This also accounts for 12 of the 13 carbon 
atoms in this compound. The remaining carbon atom 
must be at the center, connected to all four isopropyl 
groups: 


15.54. The molecular formula (CsHı0) indicates four 
degrees of unsaturation (see Section 14.16), which is 
highly suggestive of an aromatic ring. This accounts for 
six of the eight carbon atoms in the structure. The other 
two carbon atoms must be connected to the ring, either 
as an ethyl group or as two methyl groups. Ethylbenzene 
would give an !H NMR spectrum with four signals and a 
BC NMR spectrum with six signals. The problem 
statement indicates fewer signals in each of these 
spectra, which means that the compound must have more 
symmetry than ethylbenzene. If we explore the three 
possible ways to connect two methyl groups to a ring 
(1,2 or 1,3 or 1,4), we will find that only 1,4- 
dimethylbenzene has the necessary symmetry to give 
only two signals in the 'H NMR spectrum and three 
signals in the C NMR spectrum. 


<p 


15.55. The molecular formula (C3HsO) indicates no 
degrees of unsaturation (see Section 14.16), which 
means that the compound does not have a z bond or a 
ring. The broad signal between 3200 and 3600 cm! 
indicates the presence of an OH group. The molecular 
formula indicates that the structure has three carbon 
atoms, yet the BC NMR spectrum exhibits only two 
signals (not three), indicating the presence of symmetry. 
This is only true for 2-propanol (not for 1-propanol): 


OH 


Zs 
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15.56. The molecular formula (CsH6O,) indicates two 
degrees of unsaturation (see Section 14.16), which 
means that the compound must possess either two double 
bonds, or two rings, or one ring and one double bond, or 
a triple bond. The very broad signal (2500 — 3600 cm!) 
in the IR spectrum indicates the presence of a carboxylic 
acid group. The !H NMR spectrum has only two signals, 
with a total integration of 3, however the molecular 
formula indicates the presence of 6 protons. Therefore, 
the actual integration values for the signals are 2H and 
4H, respectively. The singlet at 12.1 ppm is 
characteristic of a carboxylic acid group (COOH), as 
suggested by the IR spectrum, and since this signal has 
an integration value of 2H, we conclude that the 
compound must have two carboxylic acid groups. This 
accounts for both degrees of unsaturation, which means 
that the compound does not possess a ring. In order for 
the remaining four protons to be identical, they must be 
interchangeable by symmetry, which is indeed the case 
when we place two methylene (CH2) groups in between 
the two carboxylic acid groups, like this: 


OH 
woo 


O 


15.57. 

(a) The molecular formula (CsH100) indicates one 
degree of unsaturation (see Section 14.16), which means 
that the compound must possess either a double bond or 
a ring. The !H NMR spectrum exhibits the characteristic 
pattern of an isopropyl group (a doublet with an 
integration of 6, and a septet with an integration of 1): 


no Y dH 
ZC ~c-CX 
H | H 


ANANN 


There is also a singlet with an integration of 3, indicating 
a methyl group. Notice that the signal for the methyl 
group appears at 2.12 ppm rather than 0.9 ppm, so it has 
been shifted downfield by just over 1 ppm, which is 
consistent with being adjacent to a C=O group 
(accounting for the one degree of unsaturation). The 
same downfield shift is true for the chemical shift of the 
CH of the isopropyl group. This gives the following 
structure: 
O 


(b) The molecular formula (CsH120) indicates no 
degrees of unsaturation (see Section 14.16), which 
means that the compound does not have a z bond or a 
ring. The 'H NMR spectrum exhibits the characteristic 
pattern of an ethyl group (a quartet with an integration of 
2, and a triplet with an integration of 3): 
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i 
Jin 
H H 


In addition, the singlet with an integration of 6 indicates 
two equivalent methyl groups: 


? 
methyl a jem methyl 


And the singlet with an integration of 1 is suggestive of 
an OH group. These pieces account for all of the atoms 
in the compound except for one carbon atom, which we 
place in between the two methyl groups. The three 
fragments can then only be connected in one way, giving 
the following structure: 


| l 
H=0=0= 

To 

H H 


(c) The molecular formula (C4H100) indicates no degrees 
of unsaturation (see Section 14.16), which means that the 
compound does not have a x bond or a ring. The 'H 
NMR spectrum exhibits a signal with an integration of 6, 
which indicates two equivalent methyl groups: 


? 
methyl a? hem methyl 


The singlet with an integration of | is suggestive of an 
OH group. The doublet with an integration of 2 
indicates a methylene group with only one neighboring 
proton: 


H 
ar 
H-c—c—8 
JA | 
wn H 


The CH (methine) proton is responsible for the last 
remaining signal, which is a multiplet, indicating that 
this CH group is adjacent to the CH2 group as well as the 
methyl groups, like this: 
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Hs 
Rod 
oe H 
eee 
H—c-c—; $—OH 
we 
Vi 
HC 


pe 

15.58. The molecular formula (CoHi2) indicates four 
degrees of unsaturation (see Section 15.16), which is 
highly suggestive of an aromatic ring. This is confirmed 
by the multiplet just above 7 ppm in the 'H NMR 


spectrum. This signal has an integration of 5, indicating 
that the ring is monosubstituted: 


The 'H NMR spectrum also shows the characteristic 
pattern of signals for an isopropyl group (a septet with an 
integration of 1 and a doublet with an integration of 6): 


no do 
poe 
Hy H 


These two fragments (the monosubstituted aromatic ring 
and the isopropyl group) account for the entire structure: 


om 


15.59. The molecular formula (C9H1002) indicates five 
degrees of unsaturation (see Section 14.16), which is 
highly suggestive of an aromatic ring, in addition to 
either one double bond or one ring. The multiplet just 
above 7 ppm in the 'H NMR spectrum corresponds with 
aromatic protons, which confirms the presence of an 
aromatic ring. The integration of this signal is 5, which 
indicates that the ring is monosubstituted: 


The presence of a monosubstituted ring is confirmed by 
the four signals between 100 and 150 ppm in the C 
NMR spectrum (the region associated with sp? 


hybridized carbon atoms), just as expected for a 
monosubstituted aromatic ring: 


OH 


In the !H NMR spectrum, the signal near 12 ppm (with 
an integration of 1) indicates the presence of a carboxylic 
acid group, which is confirmed by the signal near 180 
ppm in the °C NMR spectrum (the region associated 
with carbonyl groups): 


A 


In the !H NMR spectrum, the pair of triplets (each with 
an integration of 2) indicates a pair of neighboring 
methylene groups: 


OH 


Hi 


These methylene groups account for the two signals 
between 0 and 50 ppm in the C NMR spectrum. 

We have now analyzed all of the signals in both spectra, 
and we have uncovered three fragments, which can only 
be connected to each other in the following way: 


H H 
o o 
H o ee 
H H OH 
H H 


15.60. 

(a) The molecular formula (CsHi00) indicates one 
degree of unsaturation (see Section 14.16), which means 
that the compound must possess either a double bond or 
a ring. One of the signals in the BC NMR spectrum 
appears above 200 ppm, indicating the presence of a 
carbonyl group (C=O), which accounts for the one 
degree of unsaturation. 

In total, the BC NMR spectrum exhibits only three 
signals, while the molecular formula indicates the 
presence of five carbon atoms. Therefore, the structure 
must possess symmetry, giving only three different kinds 
of carbon atoms (one of which is a carbonyl group), as 
seen in the following structure: 


O 


A 
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(b) The molecular formula (CeHi00) indicates two 
degrees of unsaturation (see Section 14.16), which 
means that the compound must possess either two double 
bonds, or two rings, or one double bond and one ring, or 
a triple bond. The C NMR spectrum exhibits only 
three signals, while the molecular formula indicates the 
presence of six carbon atoms. Therefore, the structure 
must possess symmetry, giving only three different kinds 
of carbon atoms. Two of these types of carbon atoms 
must be sp? hybridized (because two signals appear 
between 100 and 150 ppm), while the third signal 
indicates a carbon atom attached to an oxygen atom. 
The following structure accounts for all of the 
observations above: 


Prt ay 


15.61. The problem statement indicates that the 
compound is an alcohol, so it must contain an OH group. 
The molecular formula (C4H100) indicates no degrees of 
unsaturation (see Section 14.16), which means that the 
compound cannot have any double bonds, triple bonds, 
or rings. That is, the structure must be acyclic and 
cannot have any m bonds. The broadband decoupled 
spectrum has four signals, one of which appears above 
50 ppm (this signal accounts for the carbon atom 
attached directly to the OH group). The other three 
signals in the broadband decoupled spectrum are all 
below 50 ppm, indicating that all of the carbon atoms are 
sp? hybridized (although we already knew that because 
HDI = 0). The DEPT-90 spectrum has only one signal, 
which means the compound has only one methine (CH) 
group. Furthermore, this signal is above 50 ppm, which 
indicates that this CH group is connected to directly to 
the OH group: 


The DEPT-135 spectrum indicates that the other three 
signals (below 50 ppm) correspond with one methylene 
group (upside-down signal) and two methyl groups 
(right-side up signals that did not appear in the DEPT- 
90). 

We have now analyzed all of the signals in all of the 
spectra, and we have uncovered four fragments, which 
can only be connected to each other in the following 
way: 


I 
L=0Q0=I 
Wavavavg 
NNN 
O 


15.62. The problem statement indicates that the 
compound is an alcohol, so it must contain an OH group. 
The molecular formula (C6H140) indicates no degrees of 
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unsaturation (see Section 14.16), which means that the 
compound cannot have any double bonds, triple bonds, 
or rings. That is, the structure must be acyclic and 
cannot have any m bonds. The DEPT-135 spectrum 
exhibits five signals that are upside-down, indicating the 
presence of five methylene groups. One of these 
methylene groups must be connected to the OH group, 
because one of the upside-down signals appears above 
50 ppm. The five methylene groups and the OH group 
account for 11 of the 14 protons in this compound. 
Therefore, the signal pointing up must correspond with a 
methyl group (rather than a CH group). There is only 
one way to connect a methyl group, five methylene 
groups, and an OH group, as shown here: 


NN AMNH 


15.63. The molecular formula (C6H1402) indicates no 
degrees of unsaturation (see Section 14.16), which 
means that the compound cannot have any double bonds, 
triple bonds, or rings. That is, the structure must be 
acyclic and cannot have any n bonds. The IR spectrum 
has a broad signal between 3200 and 3600 cm", 
indicating the presence of an OH group. The C NMR 
spectrum has six signals, and the molecular formula 
indicates there are six carbon atoms, which means that 
the compound lacks symmetry that would interchange 
any of the carbon atoms. Since the compound has no 
degrees of unsaturation, all of the signals must arise from 
sp? hybridized carbon atoms. Indeed, three of the signals 
appear between 0 and 50 ppm, as expected for sp? 
hybridized carbon atoms. But the other three signals 
appear between 50 and 100 ppm, indicating that three 
carbon atoms are connected to an oxygen atom. We can 
therefore draw the following fragments (since the 
compound has an OH group, and since the molecular 
formula indicates only two oxygen atoms): 


§-¢-0-¢-$ {c-on 


Now we explore the 'H NMR spectrum. Let’s begin 
with the signals downfield. There are three signals that 
appear between 3.5 and 4 ppm. One of these signals is 
clearly a triplet, but the other two signals are overlapping 
so it is difficult to determine their multiplicity (perhaps 
they are doublets that appear very close to each other, or 
perhaps they are overlapping triplets). We will revisit 
the multiplicity of these signals later. For now, let’s 
focus on the chemical shifts and integration values for 
these signals. These signals are certainly from the three 
groups connected to oxygen atoms (because of their 
chemical shifts), and we notice that each of these signals 
has an integration of 2H, which allows us to modify the 
fragments above as follows: 


H H H 
Hio ti pho 
H H H 
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The singlet at 2.4 ppm has an integration of 1, which can 
be attributed to the OH group. Each of the multiplets 
near 1.5 ppm has an integration of 2H, indicating 
methylene groups that have complex splitting: 


‘a 
$—c—C—3 
H H 


The triplet at 1.0 ppm has an integration of 3H, 
indicating a methyl group that is connected to a 
neighboring CH2 group. 


In summary, we have the following fragments: 


H H 
IAEE 
H m n H 
H-0—$ $—c-oh 
H H H 
JIL 
H H 


There are only two ways to connect these four 
fragments: 


^o N~n en 


Pe aa 


The first structure contains an ethyl group, which should 
produce a quartet with an integration of 2 (for the CH2 
portion of the ethyl group). If we inspect the three 
signals between 3.5 and 4 ppm, it is difficult to argue 
that any of these signals is a quartet. While it is difficult 
to be certain, because two of these signals overlap with 
each other, it looks more like each of these signals is a 
triplet, which would be consistent with the second 
structure: 


triplet triplet 


triplet 


Ja ager 


15.64. The molecular formula (CsH100) indicates four 
degrees of unsaturation (see Section 14.16), which is 
highly suggestive of an aromatic ring. This is confirmed 
by the presence of signals just above 3000 cm! in the IR 
spectrum, and signals at approximately 1600 cm'!. In the 
'H NMR spectrum, the signals near 7 ppm are likely a 
result of aromatic protons, which also confirms the 
presence of an aromatic ring. Notice that the combined 
integration of these two signals (near 7 ppm) is 4H. 


This, together with the distinctive splitting pattern (a pair 
of doublets), suggests a 1,4-disubstituted aromatic ring: 


The spectrum also exhibits two singlets, each of which 
has an integration of 3H, indicating methyl groups. 
Notice that both signals are shifted downfield (relative 
the benchmark value for a methyl group of 0.9 ppm). 
One of them is shifted much more than other, indicating 
that it is likely next to an oxygen atom. This gives the 
following structure: 


Hic—{ joo 


This structure is consistent with the 3C NMR spectrum. 
Specifically, there are four signals for the aromatic ring, 
one of which is shifted downfield because it is next to an 
oxygen atom. And the other two signals are for the 
methyl groups, one of which appears above 50 ppm 
because the carbon atom giving rise to this signal is next 
to an oxygen atom. 


15.65. The molecular formula (CsH10O) indicates one 
degree of unsaturation (see Section 14.16), which means 
that the compound must either have a double bond or a 
ring. The IR spectrum has a signal at approximately 
3100 cm'!, indicating the presence of a Csp*-H bond: 


H 
MAY 

This is consistent with the weak signal at 1600 cm“, 
indicating the presence of a C=C double bond (which 
accounts for the one degree of unsaturation). 

The '3C NMR spectrum has two signals between 100 and 
150 ppm, confirming the presence of a C=C double 
bond. In addition, there are three other signals, two of 
which appear between 50 and 100 ppm. These latter two 
signals are characteristic of carbon atoms connected to 
an oxygen atom. Since there is only one oxygen atom in 


the structure (CsH100), these two carbon atoms must be 
connected to it: 


coc 


In the 'Hd NMR spectrum, we see the characteristic 
pattern of an ethyl group (a triplet with an integration of 
3 and a quartet with an integration of 2): 
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H 


I-0Q—=I 


Notice that the quartet appears at 3.5 ppm, indicating that 
the ethyl group is one of the two groups that is connected 
to the oxygen atom: 


a eT 
§—C—0-C—C-H 


The signal at 4.0 ppm has an integration of 2, which 
represents a CH2 group connected to the other side of the 
oxygen, like this: 


ae 
ee 
H H H 


Remember that our structure must include a double 
bond, which completes the structure, and accounts for all 
of the atoms in the molecular formula (CsH100): 


ae ae a 


The signals above 5.0 correspond with the vinylic 
protons. There are three signals, and they are all splitting 
each other. Two of them are overlapping, to give an 
apparent integration of 2. 


15.66. The molecular formula (CsH1403) indicates that 
the compound has two degrees of unsaturation, so the 
structure must either have two rings, or two double 
bonds, or a ring and a double bond, or a triple bond. 

In the IR spectrum, there are two signals that are 
suggestive of C=O groups, which would account for both 
degrees of unsaturation. 

In the 'H NMR spectrum, there are three signals. By 
comparing the heights of the S-curves, we can see that 
the relative integration values are 2:2:3. With a total of 
14 protons (as seen in the molecular formula), these 
relative integration values must correspond to 4:4:6. 
This indicates a high level of symmetry in the 
compound. 

The signal at approximately 1 ppm has an integration of 
6, indicating two methyl groups that are identical 
because of symmetry. This signal is a triplet, which 
means that each of these CH3 groups is neighboring a 
methylene (CH2) group. 


triplet 


triplet 


Based on the integration and multiplicities of the 
remaining two signals (at 1.7 ppm and 2.5 ppm), we can 


CHAPTER 15 551 


assemble the following two fragments, which must be 
identical by symmetry: 


triplet 


triplet 


triplet triplet 


Each of the central methylene groups is being split by a 
neighboring methyl group and a neighboring methylene 
group. This could lead to a complex splitting pattern 
(either a triplet of quartets or a quartet of triplets). In this 
case, we are not seeing such a complex pattern. As 
mentioned in the textbook, this can happen when the J- 
values are fortuitously similar. In such a case, the 
system behaves as if it has five neighbors, and the n+1 
rule gives a sextet, which is what we see in this case. 
Thus far, we have identified the presence of two, 
symmetrically positioned propyl groups, and there are 
two C=O bonds. Since the molecular formula indicates 
that there are three oxygen atoms in this compound, we 
can deduce the following structure: 


Pine 


The IR spectrum is consistent with this structure, in that 
the two signals (at 1755 and 1820 cm!) represent 
symmetrical and unsymmetrical stretching of the 
anhydride unit. 

The BC NMR spectrum is also consistent with this 
structure. We see a carbon atom (of a C=O bond) at 180 
ppm - notice that there is only one signal at 180 ppm, 
because the two carbonyl groups are identical by 
symmetry. As expected, three signals appear between 0 
and 50 ppm, corresponding to the three carbon atoms of 
the propyl group (once again, the two propyl groups are 
identical to each other, giving rise to three signals rather 
than six). We can see from the DEPT-135 spectrum that 
two of these signals are methylene groups (because the 
signals are upside down), which is also consistent with 
the structure that we deduced above. 


15.67. A compound with the molecular formula 
CeoHi004 has two degrees of unsaturation, so any 
proposed structure must either have two rings, or two 
double bonds, or a ring and a double bond, or a triple 
bond. 

The signal at 1747 cm”! is likely a C=O bond of an ester, 
which accounts for one of the degrees of unsaturation. 

In the proton NMR spectrum, there are four signals. The 
signal just above 5 ppm has an integration of 1, 
indicating a methine proton (CH), and it is a quartet, 
which indicates a neighboring methyl group. The signal 
for the methyl group should be a doublet (since it is next 
to the methine proton). That signal appears at 1.5ppm. 


T 
3-C-{CHs) 


quartet „| doublet 
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The quartet is significantly downfield (5 ppm), which 
indicates that it is neighbored by an oxygen atom, as well 
as some other group which can also shift the signal 
further downfield. The remaining two signals, just above 
2 ppm and just below 4 ppm, are methyl groups (each 
has an integration of 3). Based on their chemical shifts, 
the former is likely to have a neighboring C=O group, 
while the latter is likely to be next to an oxygen atom: 


O 
> GD 


~2ppm 


The carbon NMR spectrum reveals that there are actually 
two carbonyl groups in this compound, and the 
molecular formula indicates four oxygen atoms, so it is 
likely that there are two ester groups that are overlapping 
in the IR spectrum (both at approximately 1747 cm’). 
This gives us three pieces that must be assembled: 


O ro) 


vi pa CH 
wo ce w `o jo 


The following structure can be assembled from these 
three pieces: 
O 


shy 


15.68. The molecular formula (CsH1404) indicates that 
the compound has two degrees of unsaturation, so the 
structure must either have two rings, or two double 
bonds, or a ring and a double bond, or a triple bond. 

The signal at 1736 cm’! is likely a C=O bond of an ester, 
which accounts for one of the degrees of unsaturation. 

In the proton NMR spectrum, there are three signals. By 
comparing the heights of the S-curves, we can see that 
the relative integration values are 2:2:3. With a total of 
14 protons (as seen in the molecular formula), these 
relative integration values must correspond to 4:4:6. 
This indicates a high level of symmetry in the 
compound. 

The signal just above 4 ppm has an integration of 4, 
indicating two methylene (CH2) groups that are identical 
because of symmetry. This signal is a quartet, which 
means that each of these two CH2 groups is neighboring 
a methyl group. The signal for these methyl groups 
should be a triplet with an integration of 6. That signal 
appears just above 1 ppm. 


triplet quartet quartet triplet 
AA fH H) fH 
| | | | 
H—CH c+; 8C44C—-H 
| | | | 
H 


The quartet is significantly downfield (4 ppm), which 
indicates that it is neighboring an oxygen atom. 


H H H H 
ol | 
H-C—c 3 8-£03-c—C-H 
ri ro 
H H H H 


These two groups cannot be connected to each other, as 
that would not give us an opportunity to connect the 
remaining atoms in the compound. 

The remaining signal, just below 3 ppm, is a singlet with 
an integration of 4, indicating two methylene groups that 
are equivalent by symmetry, with no neighboring 
protons: 


These two groups may or may not be connected to each 
other, but we know that they must be equivalent by 
symmetry, and they cannot have any neighbors. 

The molecular formula indicates two degrees of 
unsaturation and the presence of four oxygen atoms, but 
so far, we have only accounted for one degree of 
unsaturation (C=0) and only three oxygen atoms. The 
fourth oxygen atom, as well as the extra degree of 
unsaturation can be accounted for in the following 
structure which has the necessary symmetry, and is 
consistent with all of the spectra: 


(0) 


Notice that, because of symmetry, there are only four 
different kinds of carbon atoms in this compound, giving 
four signals in the carbon NMR spectrum. Two of these 
signals correspond to methylene (CH2) groups, as 
confirmed by the presence of two upside-down signals in 
the DEPT-135 spectrum. 


15.69. The molecular formula (Ci2HsBrz) indicates that 
the compound has eight degrees of unsaturation, so the 
structure likely contains two aromatic rings (each of 
which represents four degrees of unsaturation). 

In the proton NMR spectrum, there are only two signals, 
with the same relative integration. Since the molecule 
has eight protons (as seen in the molecular formula), we 
must conclude that each signal corresponds to four 
protons. Each of these signals is a doublet indicating 
only one neighboring proton. The following structure is 
consistent with this information: 


of \Y \s 


In this structure, there are only two different kinds of 
protons, labeled Ha and Hb: 
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Hp Ha Ha Hp 
r 0 \ a, 7 
Hp Ha Ha H 


b 


This structure is consistent with the carbon NMR 
spectrum, in which there are only four signals, all of 
which are aromatic: 

symmetrical 


15.70. 

(a) The height of the (M+1)* peak indicates that the 
compound has four carbon atoms (1.1% for each carbon 
atom). Since the parent ion appears at m/z = 104, we 
know that nearly half of the molecular weight is due to 
carbon atoms (12 x 4 = 48). The rest of the molecular 
weight (104 — 48 = 56) must be attributed to oxygen 
atoms and hydrogen atoms. There is a limit to how 
many hydrogen atoms there can be, since there are only 
four carbon atoms. Even if the compound is fully 
saturated, it could not have more than 10 protons (2n+2, 
where n is the number of carbon atoms). Oxygen has an 
atomic weight of approximately 16. Therefore, the 
compound must contain at least three oxygen atoms 
(otherwise we could not account for the rest of the 
compound using hydrogen atoms alone). But the 
compound cannot contain more than three oxygen atoms, 
because four oxygen atoms have a combined atomic 
weight of 64, which already blows our budget, even 
before we place any hydrogen atoms (remember that our 
budget for O and H atoms is a total mass of 56). So, we 
conclude that the compound must have exactly three 
oxygen atoms. The remaining weight is accounted for 
with hydrogen atoms, giving the following molecular 
formula: C4Hs03. 


(b) The molecular formula (C4HsOs) indicates that the 
compound has one degree of unsaturation, so the 
structure must either have a ring or a double bond. 

In the IR spectrum, the broad signal between 3200 and 
3600 cm! is characteristic of an O-H bond, and the 
signal at 1742 cm" is likely a C=O group of an ester. 

In the proton NMR spectrum, there are four signals. By 
comparing the heights of the S-curves, we can see that 
the relative integration values are 2:2:1:3. With a total of 
eight protons (as seen in the molecular formula), these 
relative integration values correspond precisely to the 
number of protons giving rise to each peak. The signal 
just above 1 ppm corresponds to three protons, and is 
therefore a methyl group. Since this signal is a triplet, it 
must be next to a methylene (CH2) group. The signal for 
that methylene group appears as a quartet, just as 
expected (since it is next to the methyl group) above 4 
ppm. The location of this signal indicates that the 
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methylene group is likely next to an oxygen atom (since 
it is shifted downfield). So far, we have the following 
fragment: 


it 
Hae 
H H 


Now let’s explore the remaining two signals in the 
proton NMR spectrum. The signal at approximately 3.6 
ppm (with an integration of 1) vanishes in D20, 
indicating that it is the proton of the OH group 
(confirming our analysis of the IR spectrum). The 
singlet just above 4 ppm has an integration of 2, and 
therefore corresponds with an isolated methylene group 
(no neighbors). This methylene group is shifted 
significantly downfield, and our structure will have to 
take this into account. 

In summary, we have the following fragments, which 
must be assembled. 


ya te 


Since the C=O bond is likely part of an ester (based on 
the IR spectrum), we can redraw the following three 
fragments: 


(0) 
j H H 
OH | 
Lo heo oein 
H H H 


These fragments can only be assembled in one way: 


O 
Ho AA 


This structure is consistent with the carbon NMR 
spectrum, in which there is one signal for the C=O unit, 
two signals between 50 and 100 ppm (both of which 
must be methylene groups, based on the DEPT 
spectrum), and one signal between 0 and 50 ppm 
(representing the methyl group). 


15.71. N,N-dimethylformamide (DMF) has three 
resonance structures: 
i © 
sia Ae 
CH A. CH 
H No 3 H @ NI 3 


CH3 CH3 


o2 
eo CH 
H Ne 3 


L CH3 


Consider the third resonance structure, in which the C-N 
bond is a double bond. This indicates that this bond is 
expected to have some double bond character. As such, 
there is an energy barrier associated with rotation about 
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this bond, such that rotation of this bond occurs at a rate 
that it slower than the timescale of the NMR 
spectrometer. Therefore, the two methyl groups will 
appear as distinct signals in a 'H NMR spectrum. At 
high temperature, more molecules will have the requisite 
energy to undergo free rotation about the C-N bond, so 
the process can occur on a timescale that is faster than 
the timescale of the NMR spectrometer. For this reason, 
the signals are expected to collapse into one signal at 
high temperature. 


15.72. The first compound lacks a chiral center. The 
two methyl groups are enantiotopic and are therefore 
chemically equivalent. The second compound has a 
chiral center (the position bearing the OH group). As 
such, the two neighboring methyl groups are 
diastereotopic and are therefore not chemically 
equivalent. For this reason, the 3C NMR spectrum of 
the second compound exhibits six signals, rather than 
five. 


15.73. The molecular formula (CsHi0) indicates four 
degrees of unsaturation (see Section 14.16), which is 
highly suggestive of an aromatic ring. The aromatic ring 
accounts for six of the eight carbon atoms, so we must 
account for the other two carbon atoms, which must be 
sp? hybridized. However, only one signal appears in the 
region 0 — 50 ppm, suggesting that the two sp? 
hybridized carbon atoms are interchangeable by 
symmetry. This can be achieved in any of these three 
compounds: 


GS Cr -a 


However, only one of these compounds, shown below, 
will exhibit four signals in the region 100 — 150 ppm. 


O 


15.74. The methyl group on the right side is located in 
the shielding region of the n bond, so the signal for this 
proton is moved upfield to 0.8 ppm. 


15.75. The two signals farthest upfield are a quartet with 
an integration of 2 and a triplet with an integration of 3. 
Together, these two signals indicate the presence of an 
ethyl group: 

| 
etn 
H 


xmI-O-L 


The signals near 7 ppm represent aromatic protons. Note 
that the total integration of the aromatic region is 2H + 
2H = 4H, which means that the ring is disubstituted. 
Furthermore, the aromatic signals are a pair of doublets, 
indicating symmetry, which is achieved with a 1,4- 
disubstituted aromatic ring. 


Therefore, the answer is (a), and the signal at 4.7 ppm 
(with an integration of 1H) represents the phenolic 


proton: 
jo ioe 


15.76 The molecular formula (C4HsO2) indicates one 
degree of unsaturation, which means that the compound 
must possess either a double bond or a ring. The 'H 
NMR spectrum exhibits the characteristic pattern of an 
isopropyl group (a doublet with an integration of 6, and a 
septet with an integration of 1): 


wb itd 
~C~c- 
H | H 


ANNAA 


/ 
—H 
ne 


There is also a singlet with an integration of 1 at 11.38 
ppm, indicating a carboxylic acid group (which accounts 
for the one degree of unsaturation). 


(0) 


pA 


These two fragments account for all of the atoms that 
appear in the molecular formula, so we connect these 
fragments together to give structure (b): 


O 


OH 


OH 


15.77. A triplet indicates protons that are adjacent to a 
methylene (CH2) group. The chemical shift of this signal 
(4 ppm) indicates that the protons giving rise to the 
signal are adjacent to some powerful electron- 
withdrawing group, such as an oxygen atom. So, we are 
looking for a compound that contains the following 
structural features: 


H 
jot t 
A H 
îÎ 
A triplet near 4 ppm 


Only structure (b) has these features: 


is ae 


H H 
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15.78. Brevianamide S has a high degree of symmetry. In fact, there is a rotational axis of symmetry that runs right 
through the molecule. Therefore, only half of the molecule will need to be analyzed. 


The compound lacks a chiral center and is achiral. As a result, the two protons for any methylene (CH2) group will be 
equivalent to each other. There are two unique methylene groups, giving rise to two unique signals. In addition, the 


methyl groups will all be equivalent, giving rise to one signal. The predicted chemical shift for all signals is shown 
below: 


Methyl protons (CH3) =|~ 0.9 ppm 


Actual = 1.54 ppm 


Vinylic proton (CH) =|~ 4.5-6.5 ppm 


Actual = 7.18 ppm 


Actual = 5.11 ppm 


Allylic methylene protons (CH2) = |~ 2.0 ppm 


Actual = 3.13 ppm 


Vinylic proton (CH) =|~ 4.5-6.5 ppm 
Actual = 5.10 ppm 
Vinylic proton (CH) =|~ 4.5-6.5 ppm 


Vinylic proton (CH) =|~ 4.5-6.5 ppm 


Actual = 6.11 ppm 


Actual = 7.43 ppm 


Aryl proton (CH) = |~ 6.5-8.0 ppm 
Aryl proton (CH) = |~ 6.5-8.0 ppm x | Actual = 7.29 ppm 


Aryl proton (CH) = |~ 6.5-8.0 ppm 


Actual = 7.13 ppm 


Actual = 7.04 ppm 
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The multiplicity of each proton is determined with the n+1 rule, as shown below. Note: complex splitting is observed 
for two of the protons on the aromatic ring, as well as all three protons of the terminal olefin. 


doublet of doublets 


doublet of doublets 


doublet of doublets x 
doublet of doublets 


15.79. 

(a) The two most acidic protons are at C9 and CS. 
Deprotonation at C9 leads to a resonance-stabilized 
anion in which the negative charge is delocalized over 
three carbon atoms, while deprotonation at C5 leads to a 
resonance-stabilized anion in which the negative charge 
is delocalized over four carbon atoms. The latter anion 
is more stable than the former (since the negative charge 
is more highly delocalized). As such, the proton at C5 is 
the most acidic proton. Deprotonation at C5 yields the 
following anion, with four resonance structures: 


C2 -GS 
ri YS 
—_ BA 
_ J _ J 


1a 


singlet 


singlet 


we triplet 


doublet 


(b) In an attempt to capture the nature of the resonance 
hybrid for each anion, la and 2a can be drawn in the 
following way: 


When viewed in this way, we can see that anion la 
possesses symmetry, rendering positions C8 and C9 
equivalent. Similarly, Cl and C7 are equivalent. 
Therefore, we expect only five signals in the proton 
NMR spectrum of 1a. 
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In contrast, anion 2a does not possess the same 
symmetry, as a result of the presence of the methyl 
groups. That is, each and every position is unique (for 
example, C1 is not equivalent to C7). Therefore, we 
expect nine signals for anion 2a, shown below: 


2a 


Note that the two methyl groups of 2a are identical and 
give one signal. 


(c) Once again, we can use the resonance hybrid to 
explain this effect: 


shielded 
shielded 


1a 


The protons at positions C1 and C3 are shielded by the 
electron density that is distributed over those positions 
via resonance. The protons at positions C2 and C4 are 
less shielded, and they produce signals farther downfield. 


(d) Inspecting the resonance hybrid, we expect four 
signals in the range of 3 — 4 ppm, and three signals in the 
range 5 — 6 ppm, as shown below: 


ere not shielded 

ee (5 - 6 ppm) 

3-4ppm 

(3 -4 ppm) J shielded 
V (3- 4 ppm) 


H 
H = not shielded 
HaC (5 - 6 ppm) 
H3C 
iN 
G shielded 
2a (3 -4 ppm) 
shielded : 
not shielded 
(3-4ppm) (5-6 ppm) 


The following are the actual data from the proton NMR 
spectrum of 2a, which supports our prediction. 
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15.80. 

(a) The nitro group is a powerful electron-withdrawing 
group (primarily due to resonance), which renders the 
ortho and para positions electron-poor (highlighted 
below). This effect should cause Ha to be deshielded: 


electron-withdrawing 


ON CF3 
K 
A 
© 
Hy q NH2 


The amino group is a powerful electron-donating group 
(via resonance), which renders the ortho and para 
positions electron-rich (highlighted below). This effect 
should cause Hb and H: to be shielded: 


electron-donating 


Based on these effects alone, we expect Ha to be 
downfield (deshielded) relative to Hə and He, and we 
expect that Hp and He will be upfield (shielded) relative 
to Ha. That is, based solely on the resonance effects of 
the nitro group and the amino group, we expect Ha to 
give the signal farthest downfield. 

There is, however, one other group on the aromatic ring. 
The trifluoromethyl group is a powerful electron- 
withdrawing group, via induction (rather than 
resonance). As such, we expect its effect to diminish 
with distance, so Ha should be affected less than He. 
While this effect deshields He more than Ha, we would 
not expect this inductive effect to overwhelm the two 
resonance effects that suggest that Ha gives the most 
downfield signal. After all, there are two different 
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resonance effects suggesting Ha is the most downfield 
signal, AND resonance is generally a stronger effect than 
induction. 


(b) This transformation involves conversion of the amino 
group (a strong activator) into an amide group (a 
moderate activator). This can be rationalized by 
considering the lone pair on the nitrogen atom of the 
amine/amide; in 1 it is completely available for 
resonance into the ring, but in 2, the adjacent carbonyl 
group involves this lone pair in resonance, pulling it 
away from the ring. As such, the ortho and para 
positions are the most affected, highlighted below: 


ON CF3 
ON CF3 
Ha He 
Ha H, —> oO 
Hp N 
Hp 4 NH2 2 H 


In both compound 1 and compound 2, these three 
positions are shielded. But the shielding effect is greater 
in compound 1 than in compound 2. In other words, 
these three positions become less shielded. As a result, 
we expect the signals for Hb and He to be more affected 
by this transformation than the signal for Ha. 


15.81. 


Specifically, Hp and He become less shielded as a result 
of this transformation, so we expect those two signals to 
move farther downfield. 

The actual chemical shifts (shown below) support our 
predictions. 


7.04 ppm 


ON CF; VA 
8.01 ppm —&——)> ee 
NH2 
1 


6.79 ppm œ> Hg 


8.30 ppm 
ON CF3 


8.19 ppm ——> Ha He 


8.05 ppm œ> Hp N 
2 


(a) We are looking for the proton that is expected to be the most deshielded. In other words, we must identify the 
proton that resides in the most electron-deficient environment. Let’s begin by considering resonance effects of the 


diethyl amino group: 
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These resonance structures indicate that the diethylamino group donates electron density, so it has the opposite effect of 
what we are looking for; that is, the diethylamino group renders the following positions electron-rich: 


5N 


The oxygen atom incorporated in the ring has a similar effect on the same positions: 


O O 


S S 
ONES BOS 0 AN TS ae o 


P 


So we explore the effect of the ketone group, and we draw the following resonance structures: 


iS) © 
=, =P 
Mn a Xo ~~N o~ So Mn o So 
A A 2 
© | È 


Ə 
o) o) 
no aes 
=> => 
o So T oo 


“as 
| 


© © 
o) o) 
Ieee 
=, 
toro O b “a 


Notice that these resonance structures indicate that several positions are electron-deficient. 


J 
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A similar effect is expected from the ester group: 
O (0) 
> n 
=> => =z > =z > 
Mn o” Nọ Nn oao 
4 ° 


A 


In summary, if we take into account all resonance effects (described above), the following picture emerges: 


These are the two protons that are expected to produce the two signals farthest downfield in the proton NMR spectrum. 


(b) In compound 1, the C4 position is electron-deficient, as seen in the third resonance structure below: 


` ` Q 
a OA CA 
Oo” ®*o oO O 
© © 


no 


and the C3 position is electron-rich, as highlighted below: 


COCOON Di 
Geo ~o D È (0) Nog o 


As a result, the C3-C4 1 bond is highly polarized and is expected to produce a strong signal. 


6+ 


(0) O 
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A similar effect is expected in compound 2, but the effect should be much stronger, because the presence of the 
diethylamino group renders C3 even more electron-rich: 


O 
Sag 
N 
D o oO S 


Ss i oO 
Therefore, the C3-C4 bond in compound 2 is expected to be even more polarized than the C3-C4 bond in compound 1. 
So the former is expected to produce a stronger (more intense) signal. 
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Chapter 16 
Conjugated Pi Systems and Pericyclic Reactions 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 16. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 
Vocabulary. 


e Conjugated dienes experience free-rotation about the C2-C3 bond, giving rise to two important 


conformations: s- and s- . The conformation is lower in energy. 

e The and are referred to as frontier orbitals. 

e An state is produced when a z electron in the HOMO absorbs a photon of light 
bearing the appropriate energy necessary to promote the electron to a higher energy orbital. 

e Reactions induced by light are called reactions. 

e When butadiene is treated with HBr, two major products are observed, resulting from - 
addition and -addition. 


e Conjugated dienes that undergo addition at low temperature are said to be under 
control. Conjugated dienes that undergo addition at elevated temperature are said to be under 


control. 

° reactions proceed via a concerted process with a cyclic transition state, and 
they are classified as cycloaddition reactions, reactions, and sigmatropic 
rearrangements. 

e The Diels-Alder reaction is a [ ] cycloaddition in which two C-C bonds are formed 
simultaneously. 


e High temperatures can often be used to achieve the reverse of a Diels—Alder reaction, called a 
Diels—Alder. 

e The starting materials for a Diels—Alder reaction are a diene, and a : 

e The Diels—Alder reaction only occurs when the diene adopts an___ conformation. 


e When cyclopentadiene is used as the starting diene, a bridged bicyclic compound is obtained, and 
the cycloadduct is favored over the cycloadduct. 
e Conservation of orbital symmetry determines whether an electrocyclic reaction occurs in a 
fashion or a fashion. 
e Al ] sigmatropic rearrangement is called a Cope rearrangement when all six atoms 


of the cyclic transition state are carbon atoms. 
e Compounds that possess a conjugated a system will absorb UV or visible light to promote an 
electronic excitation called a transition. 
e The most important feature of the absorption spectrum is the , which indicates the 
wavelength of maximum absorption. 
e When a compound exhibits a Amax between 400 and 700 nm, the compound will absorb 
light, rather than UV light. 
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Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 
the end of Chapter 16. The answers appear in the section entitled Skil/Builder Review. 


16.1 Proposing a Mechanism and Predicting the Products of Electrophilic Addition to Conjugated 


Dienes 


on HBr 
a 


IN THE SPACE PROVIDED, DRAW THE MECHANISM OF THE REACTION THAT IS EXPECTED TO OCCUR WHEN THE FOLLOWING 
COMPOUND IS TREATED WITH HBr. MAKE SURE TO DRAW ALL POSSIBLE PRODUCTS. 


16.2 Predicting the Major Product of an Electrophilic Addition to Conjugated Dienes 


DRAW THE MAJOR PRODUCT OF THE FOLLOWING REACTION: 


16.3 Predicting the Product of a Diels—Alder Reaction 


DRAW THE MAJOR PRODUCT OF THE FOLLOWING REACTION: 


N 


16.4 Predicting the Product of an Electrocyclic Reaction 


DRAW THE MAJOR PRODUCT OF THE FOLLOWING REACTION: 


Ph 
S hv 
| o 
ZA 
Ph 
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16.5 Using Woodward-—Fieser Rules to Estimate Amax 


USE WOODWARD-FIESER RULES BASE VALUE = 
TO ESTIMATE Amax FOR THE 
FOLLOWING COMPOUND: ADDITIONAL DOUBLE BONDS = 


AUX OCHROMIC ALKYL GROUPS = 
EXOCYCLIC DOUBLE BOND = 


eee HOMOANNULAR DIENE = 


TOTAL = 


(\o0000 


Review of Reactions 
Predict the Products for each of the following transformations. To verify that your answers are correct, 


look in your textbook at the end of Chapter 16. The answers appear in the section entitled Review of 
Reactions. 


Preparation of Dienes 


id t-BuOK 
ZA a cael 
Pr t-BuOK 
— > 
Br 


Electrophilic Addition 


AxN? — 


Diels-Alder Reaction 


Lor 


Diels-Alder 


™ 


“\__ Retro Diels-Alder 


(very high temperature) 
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Electrocyclic Reactions 


\ 7 


heat 


1X 


Sigmatropic Rearrangements 


Cope Rearrangement 


DN heat 
ZA 


heat 


Mistakes to Avoid 


Many students have trouble drawing the product(s) of a Diels-Alder reaction when bicyclic structures are 


involved: 
X 
X H 
& i I > // H + / x 
i i k 
X H 


You might have trouble visualizing these structures, drawing them, or knowing where to place the 
substituents. The following are a few guidelines that might help you avoid making mistakes. 
In a Diels-Alder reaction, an acyclic diene will give a product with a cyclohexene ring: 
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Ç- 1 — Q 


Acyclic diene 
(no ring) 


However, if the diene is cyclic (both m bonds are contained in the ring), then the product is a bicyclic 


structure: 
O I o — AJ 


Cyclic diene H 


Formation of the bicyclic structure can be seen more clearly if we redraw the cyclic diene with distorted 


bond angles, like this: 
H 
H — / H 
H 
H 
H 


H H 


The dotted lines indicate the locations where o bonds are forming as a result of the reaction. When the 
dienophile is monosubstituted or cis-disubstituted, the endo rule determines the product(s) obtained: 


s H 
©- l / + HA fH 
x 


Nec s 


x H 
©: — dy 
x | 
X 
TS endo 


However, when a trans-disubstituted dienophile is used, the endo rule is not relevant. Two stereoisomeric 
products are obtained (in this case, enantiomers), and in each product, one group occupies an endo position 
while the other group occupies an exo position (because the trans configuration of the dienophile is 
preserved during a Diels-Alder reaction): 


a X H 
ü = a / H + / X 
i i k 
X H 
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The following is a list of reagents used in this chapter: 


Reagents 


Function 


t-BuOK 


A strong, sterically hindered base, used to convert a dibromide into a diene. 


Will add across a conjugated m system to give two products: a 1,2 adduct and a 
1,4 adduct. 


Will add across a conjugated n system to give two products: a 1,2 adduct and a 
1,4 adduct. 


1,3-Butadiene. Can serve as a diene in a Diels-Alder reaction. 


1,3-Cyclopentadiene. Can serve as a diene in a Diels-Alder reaction. 


Can serve as a dienophile in a Diels-Alder reaction, if the substituents (X) are 
electron-withdrawing groups. The cis configuration of the dienophile is 
preserved in the product. 


Can serve as a dienophile in a Diels-Alder reaction, if the substituents (X) are 


X os Xx electron-withdrawing groups. The trans configuration of the dienophile is 

preserved in the product. 
L a Can serve as a dienophile in a Diels-Alder reaction, if the substituents (X) are 

ed oe electron-withdrawing groups. 
When you see “heat” without any other reagents indicated, consider the 

heat possibility of a pericyclic reaction (cycloaddition, electrocyclic reaction, or a 
sigmatropic rearrangement). 

hv When you see this term, or “light”, without any other reagents indicated, 


consider the possibility of an electrocyclic reaction. 
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Solutions 

16.1. 

(a) The C=C bond in this compound is conjugated to 
two of the carboxylic acid groups: 


HO conjugated 
o J 
O OH 
OH O 


(b) The C=C bond on the left is isolated, while the other 
two C=C bonds are conjugated to each other. 


conjugated 
isolated 


S 


(c) One of C=C bonds is conjugated to the carbonyl 
(C=O) group, and the other C=C bond is isolated: 


isolated 


i 


go 


conjugated 


(d) One of C=C bonds is conjugated to the carbonyl 
group, and the other C=C bond is isolated: 


isolated 
isolate o 


<———~_ conjugated 


16.2. Radical bromination can be employed to install a 
functional group. The resulting alkyl halide can then be 
treated with a strong base to give an alkene. 
Bromination of the alkene will give a dibromide, which 
can then be converted into the product upon treatment 
with a strong, sterically hindered base, such as t- 
butoxide. This final step involves two elimination 
reactions, giving the desired diene: 


1) Bro, hv 

2) NaOEt 

3) Bro 

4) t-BuOK (2 eq.) 
Bro | t-BuOK 
hv (2 eq.) 


16.3. The C1—C2 bond length is expected to be the 
shortest because it is a double bond (comprised of both a 
o bond and a z bond): 


IANN 4 
3 


Among the other two bonds, C2-C3 is expected to be 
shorter than C3—C4 because the former is a Csp—Csp 
bond, while the latter is a Cs’—Csp bond (sp? hybridized 
orbitals are closer to the nucleus than sp? hybridized 
orbitals, and therefore form shorter bonds). 


Bond Length 


C1-C2 C2-C3 C3-C4 

16.4. 

(a) All three of these compounds will yield the same 
product (ethylcyclohexane) upon hydrogenation with 
two moles of hydrogen gas. Yet only one of these 


compounds is a conjugated diene, shown below. 


oe 


The other two compounds exhibit isolated z bonds. The 
conjugated diene will liberate the least heat because it is 
the most stable of the three compounds (lowest in 


energy). 


(b) The following compound is expected to liberate the 
most heat upon hydrogenation with two moles of 


hydrogen gas: 
Ss 
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This isolated diene will liberate more heat than the other 
isolated diene, because the a bonds in this compound are 
not as highly substituted (one z bond is monosubstituted 
and the other is disubstituted). In the other isolated 
diene, the a bonds are disubstituted and trisubstituted 
(and therefore more stable). 


16.5. This compound is comprised of eight, 
consecutive, overlapping, p orbitals, giving rise to eight 
molecular orbitals: 


A ON IAN 7 


There are eight z electrons, which occupy the four lower 
energy MO’s (the bonding MO’s). In the ground state, 
w. is the HOMO and y; is the LUMO, as shown. 
Photochemical excitation causes one electron to be 
promoted from y; to ws. In the excited state, the HOMO 
is ws and the LUMO is ys: 


GROUND EXCITED 

STATE STATE 

— Ws — Ws 

— Wr — Wr 

— We — We) LUMO 
E — Ws | LUMO a Ws HOMO 


Ay Wa [HOMO à Wa 


Ly, ‘+ y, 
ty, Ty, 
by Ay, 


16.6. 

(a) We first identify the locations where protonation can 
occur. There are four unique positions where 
protonation can occur, labeled C1 through C4: 


2 4 
a IAS” 
3 


Among these four positions, only protonation at C1 or at 
C4 will generate a resonance-stabilized carbocation. So, 
we must explore protonation at each of these positions. 
Let’s begin with protonation at Cl, which leads to a 
resonance-stabilized intermediate. When we draw both 
resonance structures, we can see that two positions are 
electrophilic. Nucleophilic attack can occur at either of 
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these locations, although the product is the same in either 
case, leading to only one product: 


Da 
H 
P? 
CI 
@ 
ANIN — Ww 
Cl: scl: 


(racemic) 


(racemic) 


Notice that the product possesses a chiral center and is 
therefore produced as a racemic mixture (because the 
chloride ion can attack either face of the allylic 
carbocation with equal likelihood). 

Now let’s consider protonation at C4. Once again, 
protonation leads to a resonance-stabilized intermediate. 
When we draw both resonance structures, we can see 
that two positions are electrophilic. Nucleophilic attack 
can occur at either of these locations, giving two possible 
products, as shown: 


oI 
H 
I? 
Cl 
4 ii = _ ANY”AN 
© (©) 
0 u 
:Cl: :Cl: 


(racemic) 
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In summary, we expect the following possible products: 


Cl 
DA Zo 
(racemic) / a 


(racemic) 
SP 


(b) We first identify the locations where protonation can 
occur. There are four unique positions where 
protonation can occur, labeled C2, C3, C4, and C5: 


Among these four positions, only protonation at C2 or at 
C5 will generate a resonance-stabilized carbocation. So, 
we must explore protonation at each of these positions. 
Let’s begin with protonation at C5, which leads to a 
resonance-stabilized intermediate. When we draw both 
resonance structures, we can see that two positions are 
electrophilic. Nucleophilic attack can occur at either of 
these locations, giving rise to two products: 


4 ZA 
H 
|? 
CI 
9 <= > © 
a = 
Pao) nid 
:Cl: | Ñe 
CI CI 
oO + S9 
(racemic) 


Notice that one of the products possesses a chiral center 
and is therefore produced as a racemic mixture (because 
the chloride ion can attack either face of the allylic 
carbocation with equal likelihood). 

Now let’s consider protonation at C2. Once again, 
protonation leads to a resonance-stabilized intermediate. 
When we draw both resonance structures, we can see 
that two positions are electrophilic. Nucleophilic attack 


can occur at either of these locations, giving two possible 
products, as shown: 


Z ZA 
H 
I? 
Cl 
or _ i 
( MIS) 
T Cl: 
Aa 
CI 
cl + Ss 
(racemic) 


In summary, we expect the following possible products: 


Cl CI 
es ys 
(racemic) 
KT 

Cl 
(racemic) 


(c) We first identify the locations where protonation can 
occur. There are four unique positions where 
protonation can occur, although a resonance-stabilized 
intermediate can only be obtained upon protonation of 
one of the ends of the conjugated m system, highlighted 
below: 
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We must explore protonation at each of these positions. 
Let’s begin with protonation of the position on the left, 
which leads to a resonance-stabilized intermediate. 
When we draw both resonance structures, we can see 
that two positions are electrophilic. Nucleophilic attack 
can occur at either of these locations, giving rise to two 
products: 


H 
I? 
Br 
(©) 
<=> 
© 
© .O 
Br Br: 


Br 


Br 


(racemic) (racemic) 


Notice that each of the products possesses a chiral center 
and is therefore produced as a racemic mixture (because 
the bromide ion can attack either face of the allylic 
carbocation with equal likelihood). 

Now let’s consider protonation at the position on the 
right. Once again, protonation leads to a resonance— 
stabilized intermediate. When we draw both resonance 
structures, we can see that two positions are 
electrophilic. Nucleophilic attack can occur at either of 
these locations, giving two possible products, as shown: 
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| 
NE, 
©) 
<=> 
\ m 
: Bre :Br: 
Br 
Br 


+ 
(racemic) (racemic) 


In summary, we expect the following possible products: 


Roe 


(racemic) (racemic) 
Br 
( + x ? 
Br 
(racemic) (racemic) 


16.7. The first diene can be protonated either at C1 or 
at C4. Each of these pathways produces a resonance- 
stabilized carbocation. And each of these carbocations 
can be attacked in two positions, giving rise to four 
possible products. 

In contrast, the second diene yields the same carbocation 
regardless of whether protonation occurs at C1 or at C4. 
This resonance-stabilized carbocation can be attacked in 
two positions, giving rise to two products (not four). 
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16.8. Recall that MCPBA produces an epoxide when it reacts with a carbon-carbon double bond. Compound 1 has two 
double bonds, so there are two possible epoxides that can be produced. These constitutional isomers are compounds 2 
and 3 (it does not matter which epoxide is labeled 2 and which is labeled 3). 


OCH3 OCH3 OCH3 
MCBPA 
(6) 
1 O 2 3 


In the conversion of compound 2 into compound 4, the mechanism begins with a proton transfer to give a protonated 
epoxide. Then, as indicated in the problem statement, the epoxide can open to give a resonance-stabilized allylic 
cation. After drawing the resonance structures of this allylic carbocation, nucleophilic attack by water, followed by a 
proton transfer, generates compound 4. 


OCH3 OCH3 OCH; 
Za Za a 
~ = (É 
2 
2 Os HH .0@ 
2, | aot 
e7 : oH 
H/H 
H.-H 
H ___H ® i 
ie S H 20H 
:OH_ OCH; eee Or OCH; \ OCH; 
® 
OH OH OH 


Likewise, the mechanism for the conversion of compound 3 into compound 4 begins with a proton transfer to create a 
protonated epoxide. The epoxide then opens to give a resonance-stabilized allylic cation. Nucleophilic attack by water, 
followed by a proton transfer, generates compound 4. 


OCH3 :OH OCH; 
—s © 
OCH; OH OCH; 
con ee 
© Ow 
o H~ ~H 
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16.9. 

(a) The diene is symmetrical, so protonation at one end 
of the conjugated system is the same as protonation at 
the other end of the conjugated system: 


Therefore, we only need to consider protonation at one 
of these locations, which gives a resonance-stabilized 


cation: 
© 
CE X 
© 


This cation has two electrophilic positions and can be 
attacked at either of these two positions to give the 
following two possible products, as shown. 


Cle CE O 


minor 


major 


At elevated temperature, the thermodynamic product (the 
compound with the more substituted bond) is expected 
to predominate. 


(b) The diene is symmetrical, so protonation at one end 
of the conjugated system is the same as protonation at 
the other end of the conjugated system: 


Therefore, we only need to consider protonation at one 
of these locations, which gives a resonance-stabilized 


cation: 
(©) 
=P 
(©) 


This cation has two electrophilic positions and can be 
attacked at either of these two positions to give the 
following two possible products, as shown. 


HCI CI 
— + 
oc 
Cc 
minor major 
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At reduced temperature, the kinetic product (resulting 
from 1,2-addition) is expected to predominate. 


(c) The diene is symmetrical, so protonation at one end 
of the conjugated system is the same as protonation at 
the other end of the conjugated system: 


Therefore, we only need to consider protonation at one 
of these locations, which gives a resonance-stabilized 
cation: 


re 


This cation has two electrophilic positions and can be 
attacked at either of these two positions to give the 
following two possible products, as shown. 


ax = 
Ix: Q 


major minor 


At reduced temperature, the kinetic product (resulting 
from 1,2-addition) is expected to predominate. 


16.10. In this case, the a bond in the 1,2-adduct is more 
substituted than the m bond in the 1,4-adduct 
(trisubstituted rather than disubstituted). As a result, the 
1,2-adduct predominates at either low temperature or 
high temperature. 


16.11. We first identify the locations where protonation 
can occur. There are four unique positions where 
protonation can occur, labeled C1 through C4: 


2 
4 e al 
Ik On 
Among these four positions, only protonation at C1 or at 
C4 will generate a resonance-stabilized carbocation. So, 
we must explore protonation at each of these positions. 
Protonation at Cl leads to a _resonance-stabilized 


intermediate with carbocations located at secondary and 
primary carbons. 
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Secondary allylic Primary allylic 
Protonation at C4, however, leads to a resonance- 
stabilized intermediate with a carbocation located at a 
tertiary carbon: 


or aÊ aa Pr 
OH OH 
Tertiary allylic Primary allylic 

As observed with Markovnikov’s Rule, protonation of a 
mt bond will occur in the position that leads to the more 
stable carbocation intermediate, so the reaction begins 
with protonation at C4. When both resonance structures 
of the resulting carbocation intermediate are drawn, we 
can see that two positions are electrophilic. Nucleophilic 
attack of the iodide ion can occur at either of these 
locations, giving rise to two products. Under 
thermodynamic control, the major product is the more 
stable compound with the more substituted m bond, as 
shown below: 


4° Ay 


A ee 
l OH | OH 


1,2-Adduct (kinetic) 


Minor Major 


1,4-Adduct (thermodynamic) 


16.12. 

(a) This polymer is similar in structure to neoprene, but 
the chloro group has been replaced with a cyano group. 
So the starting material should be similar in structure to 
chloroprene (the monomer of neoprene), except that the 
chloro group is replaced with a cyano group: 


CN 
ZA 


(b) This polymer is comprised of repeating units that 
bear two substituents (both fluoro groups). The 
following monomer is necessary. 


Ag 
F 
16.13. 


(a) The dienophile has a cis configuration, which is 
preserved in the product. This product is superimposable 
on its mirror image, so it does not have an enantiomer. It 
is a meso compound. 


O O 
A o o~ 
+ | — 
SX Ov oN 
O O 


(meso) 


(b) The dienophile has a cis configuration, which is 
preserved in the product. This product is superimposable 
on its mirror image, so it does not have an enantiomer. It 
is a meso compound. 


oO 
COOH 
oo OH 
+ | OH 
x COOH 
oO 
(meso) 


(c) The dienophile has a trans configuration, which is 
preserved in the product. This product is not 
superimposable on its mirror image (its enantiomer), and 
both enantiomers are expected to be formed. 


ZA oO 
+ ZA —_ > 
WN AA 
O 


+En 
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(d) The dienophile is an alkyne, and therefore, the 
product does not have any chiral centers (no wedges or 
dashes). 


> Ý i 
A, 


(e) The dienophile has a cis configuration, which is 
preserved in the product. This product is superimposable 
on its mirror image, so it does not have an enantiomer. It 
is a meso compound. 


O 
A 
+ || o0 — O 
ee 
O 


(meso) 


(f) The dienophile is an alkyne, and therefore, the 
product does not have any chiral centers (no wedges or 
dashes). 


(g) The dienophile has a cis configuration, which is 
preserved in the product. This product is not 
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superimposable on its mirror image (its enantiomer), and 
both enantiomers are expected to be formed. 


5 O 

a 
+ —> +En 

SS 


(h) The dienophile is an alkyne, and therefore, the 
product does not have any chiral centers (no wedges or 
dashes). 

Ox. „OH o 


a Y OH 
C+ il — 
SS 


(i) The dienophile is a monosubstituted alkene, giving a 
cycloadduct with one chiral center. This product is not 
superimposable on its mirror image (its enantiomer), and 
both enantiomers are expected to be formed. 


CFO 


+En 


16.14. A Diels-Alder reaction produces a cyclohexene adduct. It follows that a hetero-Diels-Alder reaction should 
produce a cyclohexene-type product in which one or more of the carbon atoms of the cyclohexene ring are replaced 
with nitrogen or oxygen. Analysis of the macrocyclic product reveals two such moieties, highlighted below. 


G a m 
= O= 
lL» 


A retrosynthetic analysis, shown here, demonstrates that this product can be produced from two equivalents of the 
acyclic reactant, arranged head-to-tail, where the four bonds with the wavy lines are produced in two hetero-Diels- 


Alder reactions. 
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O 
G 
\= 
/ Ph 


o 
ok Raw 
O Ph — > ph / N TE 


Ph O 

O oO 
O 
O 


(©) 


A mechanism consistent with this reaction is presented below. In the first step, the terminal alkene group of the bottom 
molecule serves as the “dienophile”. On the top molecule, the alkene group next to the phenyl group and the adjacent, 
conjugated ketone serve the role of the “diene” (although in this case it is not formally a diene since one of the carbon 
atoms has been replaced by oxygen). This hetero-Diels-Alder reaction produces the first six-membered ring as shown. 
A second hetero-Diels-Alder reaction then proceeds at the other terminus of the molecule, thus producing the 


macrocyclic product. 


16.15. The 2E,4E isomer is expected to react more 
rapidly as a diene in a Diels-Alder reaction, because it 
can readily adopt an s-cis conformation. 


ee 


NINI” 
(2E,4E)-hexadiene 


In contrast, the 2Z,4Z isomer is expected to react more 
slowly as a diene in a Diels—Alder reaction, because it 
cannot readily adopt an s-cis conformation, as a result of 
steric interactions. 


ij ==> | 
Me)(Me 


16.16. One compound is locked in an s-cis conformation 
and will therefore be the most reactive in a Diels-Alder 


(2Z,4Z)-hexadiene 


Ph O oO Ph 


reaction. Another compound is locked in an s-trans 
conformation and will therefore be the least reactive in a 
Diels-Alder reaction: 


Reactivity in Diels-Alder reactions 


locked in an s-cis 


locked in an 
s-trans conformation 
conformation 
16.17. 


(a) The diene is cyclic and the dienophile has a cis 
configuration, so we must consider the endo rule. 
Specifically, we draw the cycloadduct in which the 
cyano groups occupy endo positions. This product has 
an internal plane of symmetry and is a meso compound. 
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CN 
CN 


CN H 
O + ( —_> / H 
CN 
(meso) 


If you have trouble seeing how the bicyclic framework is 
produced by this reaction, consider the following 
drawing in which the bond angles have been distorted to 
show how the bicyclic structure is formed: 


NC I 
NC H 


In this drawing, the dotted lines indicate the new o bonds 
that are formed during the Diels-Alder reaction. 

(b) The diene is cyclic, but the dienophile has a trans 
configuration. Therefore, the endo rule is not relevant in 


this case. Two products are expected, because the 
reaction can either occur like this, 


oO 


La 


O 
— CN 
CN ——> / H 
H | 
H 
CN 
NC H 


or the reaction can occur like this: 


re) 
H 
H —+> / CN 
NC l 
CN 
H 


H CN 


O 


Either way, one group will occupy an endo position and 
the other group will occupy an exo position, because the 
configuration of the dienophile is preserved during a 
Diels-Alder reaction. Notice that the two possible 
products are non-superimposable mirror images of each 
other, so they represent a pair of enantiomers: 
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CN 
ai 
C + i— 
= NC 
Oo O 


CN H 
A H * f& CN 
| | 
H CN 
CN H 
NG J 


v 


Enantiomers 


This can also be indicated in the following way: 


o 
a 
/ H 
= NC AEN 


CN 


(c) The diene is cyclic, and the endo rule indicates that 
the substituent should occupy an endo position in the 
product. With this restriction in mind, the reaction can 
either occur like this, 


OHC | 
CHO 


or the reaction can occur like this: 


H 
H Ż ————— / H 
H | 
H 
CHO 


OHC H 


These two products represent a pair of enantiomers, and 
both are expected. 


O 
H 
on ae Be 
| CHO 
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(d) The diene is cyclic, but the dienophile has a trans 
configuration. Therefore, the endo rule is not relevant in 
this case. Two products are expected, because the 
reaction can either occur like this, 


S 
S 
MeO << MeO 7 COOH 
COOH MeO H 
Mee H COOH 
HOOC H 
or the reaction can occur like this: 
S 
S 
MeO ae ——> MeO 7; h 
= i COOH 
H MeO COOH 
MeO HOOC H 
H COOH 


Either way, one group will occupy an endo position and 
the other group will occupy an exo position, because the 
configuration of the dienophile is preserved during a 
Diels-Alder reaction. Notice that the two possible 
products are non-superimposable mirror images of each 
other, so they represent a pair of enantiomers: 


COOH 


7 = 
LŚ * Hood 


MeO. 


MeO 


+En 


COOH 


(e) The diene is cyclic, and the endo rule indicates that 
the substituent should occupy an endo position in the 
product. With this restriction in mind, the reaction can 
either occur like this, 


NC | 


H H 
or the reaction can occur like this: 


E 


NC H 


These two products represent a pair of enantiomers, and 
both are expected. 


H 
+ 2~cn ——> y% 
CN 
+ En 


(f) The diene is cyclic and the dienophile has a cis 
configuration, so we must consider the endo rule. 
Specifically, we draw the endo product, which has an 
internal plane of symmetry in this case, so it is a meso 
compound. 


o 
= Gey o 
0+ SR Ale 
Eaa —— 
o 
O 


(meso) 
If you have trouble seeing how the bicyclic framework is 
produced by this reaction, consider the following 
drawing in which the bond angles have been distorted to 
show how the bicyclic structure is formed: 


O 
oO 

7< —> / O 
“AO 

Ta . 

oO 
o (meso) 
O 


In this drawing, the dotted lines indicate the new o bonds 
that are formed during the Diels-Alder reaction. 


16.18. 

(a) Both the diene and the dienophile are unsymmetrical, 
so there are two possible regiochemical outcomes. The 
major product can be predicted by considering resonance 
structures for the diene, 


www.MyEbookNiche.eCrater.com 


RE ® oz 
:OMe OMe OMe 
<> Gf -f 
SS SS 3 
ly 
Diene 


and resonance structures for the dienophile: 


Co 


0 MS) 
:0: 20: 
© 
| | 


Dienophile 


Notice that the diene is electron-rich, because of the 
electron-donating effect of the methoxy group; while the 
dienophile is electron-poor, because of the electron- 
withdrawing effect of the aldehyde group. The major 
product results when the regions of 6+ and ô- 
(highlighted) are aligned: 


OMe OMe 
CHO CHO 
an, 
+ A — 
a aa 
Sa 


(b) Both the diene and the dienophile are unsymmetrical, 
so there are two possible regiochemical outcomes. The 
major product can be predicted by considering resonance 
structures for the diene, 


Diene 


and resonance structures for the dienophile: 


ER . -0 © 
ZN ey" ZN 
©) 
Dienophile 


Notice that the diene is electron-rich, because of the 
electron-donating effect of the methoxy group; while the 
dienophile is electron-poor, because of the electron- 
withdrawing effect of the cyano group. The major 
product results when the regions of 6+ and ô- 
(highlighted) are aligned: 


579 


Ê e CN 
“ch — Í) 
MeO SI Ši MeO 


(c) Both the diene and the dienophile are unsymmetrical, 
so there are two possible regiochemical outcomes. The 
major product can be predicted by considering resonance 
structures for the diene, 


CHAPTER 16 


EO) A 
DQ 
Diene 


and resonance structures for the dienophile: 


oO. oct o o OEt COL Loet 
=> G => 
Il Il | 
@ 
Dienophile 


Notice that the diene is electron-rich, because of the 
electron-donating effect of the ethoxy group; while the 
dienophile is electron-poor, because of the electron- 
withdrawing effect of the ester group. The major 
product results when the regions of 6+ and ô- 
(highlighted) are aligned: 


ot Eto. 
pB. | — 


COÆt 
(d) Both the diene and the dienophile are unsymmetrical, 
so there are two possible regiochemical outcomes. The 
major product can be predicted by considering resonance 


structures for the diene, 
Med? MeO a 
yi A Y © Q 
=> 
SX WN 
Diene 


and resonance structures for the dienophile: 


CO.Et 


H_ O H@or HO OP 
C i = 
J => Ci => 
O O O 
©) 
H H H 
Dienophile 


Notice that the diene is electron-rich, because of the 
electron-donating effect of the methoxy group; while the 
dienophile is electron-poor, because of the electron- 
withdrawing effects of the aldehyde groups. The major 
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product results when the regions of ô+ and ô- 
(highlighted) are aligned: 


OHC, CHO ‘as 
L nS is 
+ 
MeO I ca MeO 


(e) Both the diene and the dienophile are unsymmetrical, 
so there are two possible regiochemical outcomes. The 
major product can be predicted by considering resonance 
structures for the diene, 


Diene 


and resonance structures for the dienophile: 


=> g =>, 
Pane cad 
©) 


Dienophile 


Notice that the diene is electron-rich, because of the 
electron-donating effect of the isopropoxy group; while 
the dienophile is electron-poor, because of the electron- 
withdrawing effect of the aldehyde group. The major 
product results when the regions of 6+ and ô- 


(highlighted) are aligned: 
oes O 


16.19. We first consider the HOMO of one molecule of 
butadiene and the LUMO of another molecule of 
butadiene (see Figure 16.17 for the HOMO and LUMO 
of butadiene). The phases of these MOs do not align, so 
a thermal reaction is symmetry-forbidden. However, if 
one molecule is photochemically excited, the HOMO 
and LUMO of that molecule are redefined. The phases 
of the frontier orbitals will align under these conditions, 
so the reaction is expected to occur photochemically. 
16.20. 

(a) This system has six m electrons, so an electrocyclic 
reaction is expected to occur under thermal conditions to 
give disrotatory ring closure. The resulting product has 


an internal plane of symmetry and is therefore a meso 
compound. 


S heat 
— 
A 


(meso) 


(b) In this reaction, the four-membered ring is opening 
(this is the reverse of an electrocyclic ring closure). If 
we look at the product, we see that four n electrons are 
involved in the process. Under thermal conditions, this 
electrocyclic process is expected be conrotatory, giving 
the following product. 


heat aie 
WN 


(c) This system has six n electrons, so an electrocyclic 
reaction is expected to occur under thermal conditions to 
give disrotatory ring closure. The resulting product is 
chiral, and both enantiomers are expected (one ethyl 
group rotates clockwise and the other rotates 
counterclockwise, or vice versa, leading to both possible 
enantiomers). 


= heat T 
| Oy ZO 


16.21. 

(a) This system has six m electrons, so an electrocyclic 
reaction is expected to occur under photochemical 
conditions to give conrotatory ring closure. The 
resulting product is chiral, and both enantiomers are 
expected (either both methyl groups rotate clockwise or 
both methyl groups rotate counterclockwise). 


S hv 


+ En 
ZA “My 


| — 


(b) In this reaction, the four-membered ring is opening 
(this is the reverse of an electrocyclic ring closure). If 
we look at the product, we see that four m electrons are 
involved in the process. Under photochemical 
conditions, this electrocyclic process is expected be 
disrotatory. In theory, two products can be produced 
from disrotatory ring-opening (one methyl group rotates 
clockwise and the other rotates counterclockwise, or vice 
versa, leading to two possible products): 
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CH3 

CH3 (c) This system has six m electrons, so an electrocyclic 
O hv 7 Dr reaction is expected to occur under thermal conditions to 
CH3 give disrotatory ring closure. The resulting product is 
CH3 chiral, and both enantiomers are expected (one methyl 
CH3 group rotates clockwise and the other rotates 
counterclockwise, or vice versa, leading to both possible 

enantiomers). 


But the second product exhibits a severe steric 


interaction (the protons of the methyl groups are forced 

to occupy the same region of space), and this product is = heat 

therefore not likely to be formed in substantial quantities. — 

We therefore predict the following product for this peee n, 


reaction. 


+ En 
x ~ 
Yr 


16.22. We begin by determining the number of 7 electrons that are involved in the reaction. Electrocyclic ring-opening 
and ring-closing reactions are equilibrium processes; in this case, a cyclobutene ring is in equilibrium with a diene. (In 
fact, ring opening is favored because it alleviates ring strain). From this equilibrium, we can see that 4 7 electrons are 


involved in this electrocyclic reaction. 
[| 4 
——— 
Ww 


Since the reaction was done under thermal conditions (heat), the Woodward-Hoffmann rules predict a conrotatory ring 
opening. Thus, both ends of the m system will rotate clockwise or both will rotate counterclockwise. If they both rotate 
clockwise, the initial trans stereochemistry of the ring will lead to double bonds that both have the E configuration. 


H CO>H 

conrotatory Sfx. 
Br) H 
trans EE 


If they both rotate counterclockwise, the initial trans stereochemistry of the ring will lead to double bonds that both 
have the Z configuration. 


H COH 
conrotato 
_conrotatony ee IN 
B 


Br \H Br COH 


trans ZZ 


The Woodward-Hoffmann rules allow either the E,E isomer or the Z,Z isomer. It is not possible to get the E,Z or Z,E 
isomer under these conditions. Practically, only the E,E isomer is formed because the steric strain between the Br and 
CO2H groups in the Z,Z isomer prevent its formation. 
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16.23. 
(a) We begin by identifying the o bond that is broken 
and the o bond that is formed, highlighted here: 


me heat O 
—__> 


ZA WN 
Bond Bond 
broken formed 


In the transition state, the bond that is breaking and the 
bond that is forming are separated by two different 
pathways, each of which is comprised of three atoms: 


Therefore, this 
rearrangement. 


reaction is a [3,3]  sigmatropic 


(b) We begin by identifying the o bond that is broken 
and the o bond that is formed, highlighted here: 


Bond 
formed 
Z (H heat H 
— ea 
WN ZA 
Bond 
broken 


In the transition state, the bond that is breaking and the 
bond that is forming are separated by two different 
pathways: one is comprised of five atoms and the other 
is comprised of only one atom: 


Therefore, this reaction 


rearrangement. 


is a [1,5] sigmatropic 


16.24. 
(a) This transformation can be achieved via the 
following sigmatropic rearrangement: 


SS 
LS 
(b) We identify the o bond that is broken and the o bond 


that is formed, and then determine the pathways 
(highlighted below) that separate these bonds. 


Each pathway is comprised of three atoms, so the 
reaction is a [3,3] sigmatropic rearrangement. 


(c) The ring strain associated with the three-membered 
ring is alleviated. The reverse process would involve 
forming a high-energy, three-membered ring. The 
equilibrium disfavors the reverse process. 


16.25. 

(a) This compound is an allylic vinylic ether, and it can 
therefore undergo a Claisen rearrangement to give the 
following product: 


EE a E 


(b) This compound has two mr bonds that are separated 
from each other by exactly three o bonds. As such, this 
compound can undergo a Cope rearrangement to give the 
following product: 


OS heat 


Og 


(c) This compound has two x bonds that are separated 
from each other by exactly three o bonds. As such, this 
compound can undergo a Cope rearrangement to give the 
following product: 


SD =g O 
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(d) This compound is an allylic vinylic ether, and it can 
therefore undergo a Claisen rearrangement to give a 
ketone, which tautomerizes to give the enol, thereby re- 
establishing aromaticity: 


S 


heat 


OH O 
taut. 


16.26. This compound has two m bonds that are 
separated from each other by exactly three o bonds. As 
such, this compound can undergo a Cope rearrangement. 
To draw the product of this reaction, it is helpful to 
redraw the starting material, as shown below, so that it is 
easier to see the ring of electrons responsible for the 


transformation: 
~ 
1 


TA 
| 
WU = z 


heat 


= 


— 


16.27. 
(a) This conjugated system (comprised of two n bonds) 
has five auxochromic alkyl groups, highlighted here: 


and one exocyclic double bond: 
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The calculation for Amax is shown here: 


Base = 217 
Additional double bonds = 0 
Auxochromic alkyl groups = +25 
Exocyclic double bond = +5 
Homoannular diene = 0 

Total = 247 nm 


(b) This conjugated system (comprised of three n bonds) 
has five auxochromic alkyl groups, highlighted here: 


aA? 


and one exocyclic double bond: 


AAD 


The calculation for Amax is shown here: 


Base = 217 
Additional double bonds = +30 
Auxochromic alkyl groups = +25 
Exocyclic double bond = +5 
Homoannular diene _= 0 

Total = 277 nm 


(c) This conjugated system (comprised of three m 
bonds) has six auxochromic alkyl groups, highlighted 
here: 


and three exocyclic double bonds (each of the double 
bonds is exocyclic to a ring), shown here: 


XCD Q 
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The calculation for Amax is shown here: 


Base = 217 
Additional double bonds = +30 
Auxochromic alkyl groups = +30 
Exocyclic double bonds = +15 
Homoannular diene _ = 0 

Total = 292 nm 


(d) This conjugated system (comprised of three m 
bonds) has two of the double bonds in the same ring 
(homoannular): 


In addition, there are seven auxochromic alkyl groups, 
highlighted here: 


and one exocyclic double bond: 


The calculation for Amax is shown here: 


Base = 217 
Additional double bonds = +30 
Auxochromic alkyl groups = +35 
Exocyclic double bonds = +5 
Homoannular diene _= +39 

Total = 326 nm 


16.28. Focusing on the chromophore, we see that the 
conjugated system (comprised of three n bonds) has four 
auxochromic alkyl groups, highlighted here: 


Z ZF 
NS 


and three exocyclic double bonds: 


We therefore predict that this compound will have a Amax 
near 282 nm, as shown in the calculation below: 


Base = 217 
Additional double bonds (1) =+ 30 
Auxochromic alkyl groups (4) =+ 20 
Exocyclic double bond (3) =+ 15 
Homoannular dienes (0) = + 0 

Total = 282 nm 


Incidentally, the actual value is 265nm. This 
demonstrates that our prediction was not exact, but is 
nevertheless reasonably close to the actual value. 


16.29. 

(a) As seen in Figure 16.37 (the color wheel), the 
complementary color of orange is blue. Therefore, a 
compound that absorbs orange light will appear to be 
blue. 

(b) As seen in Figure 16.37 (the color wheel), the 
complementary color of blue-green is red-orange. 
Therefore, a compound that absorbs blue-green light will 
appear to be red-orange. 

(c) As seen in Figure 16.37 (the color wheel), the 
complementary color of orange-yellow is blue-violet. 
Therefore, a compound that absorbs orange-yellow light 
will appear to be blue-violet. 


16.30. 

(a) The parent (“cyclohex”) indicates a six-membered 
ring, and the suffix (“diene”) indicates the presence of 
two C=C bonds. The locants (1 and 4) indicate the 
positions of the two double bonds. 


(b) The parent (“cyclohex”) indicates a six-membered 
ring, and the suffix (“diene”) indicates the presence of 
two C=C bonds. The locants (1 and 3) indicate the 
positions of the two double bonds. 


(c) The parent (“pent”) indicates a five-carbon chain, 
and the suffix (“diene”) indicates the presence of two 
C=C bonds. The locants (1 and 3) indicate the positions 
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of the two double bonds, and the stereodescriptor (Z) 
indicates the configuration of the C=C bond between C3 
and C4. 


1 2 
=e 
3 4 


(d) The parent (“hept”) indicates a seven-carbon chain, 
and the suffix (“diene”) indicates the presence of two 
C=C bonds. The locants (2 and 4) indicate the positions 
of the two double bonds, and the stereodescriptors 
indicate the configurations of the double bonds. 


(e) The parent (“but”) indicates a four-carbon chain, and 
the suffix (“diene”) indicates the presence of two C=C 
bonds. The locants (1 and 3) indicate the positions of the 
two double bonds. There are two methyl substituents, at 
positions C2 and C3. 


16.31. Each of the highlighted compounds possesses a 
conjugated m system, which is shown with darker bonds. 


XLO LA 
xy 

o~ O 
O- |r 


16.32. Potassium tert-butoxide is a strong, sterically 
hindered base, and the starting material will react with 
two equivalents of this base to undergo two successive 
elimination (E2) reactions, producing a conjugated, 
homoannular diene, as shown. 
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Br: 
t-BuOK 


Br 


16.33. 
(a) The non-conjugated isomer (shown below) will be 
higher in energy than the conjugated isomer. 


Q 


As a result, this compound will liberate more heat upon 
hydrogenation. 


(b) The non-conjugated isomer (shown below) will be 
higher in energy than the conjugated isomer. 


TO 
As a result, this compound will liberate more heat upon 
hydrogenation. 


16.34. Treatment of 1,3-cyclohexadiene with HBr 
produces only one product (because 1,2 addition and 1,4 


addition give the same product). 
Cy Br 


(racemic) 


16.35. The diene is protonated to give a resonance 
stabilized cation, which can then be attacked in one of 
two locations, leading to the 1,2-adduct and the 1,4- 
adduct. At low temperature, the kinetic product (the 1,2- 
adduct) dominates. 


(racemic) 


MAJOR 


16.36. The diene is protonated to give a resonance 
stabilized cation, which can then be attacked in one of 
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two locations, leading to the 1,2-adduct and the 1,4- 
adduct. At elevated temperature, the thermodynamic 
product (the 1,4-adduct) dominates. 


© © 
0 © 
Br: Br 


Br 
A +| Se 


(racemic) 
MAJOR 


16.37. We first identify the locations where protonation 
can occur. There are four unique positions where 
protonation can occur, although a resonance-stabilized 
intermediate can only be obtained upon protonation of 
one of the ends of the conjugated m system, highlighted 


below: 


We must explore protonation at each of these positions. 
Let’s begin with protonation of the bottom position, 
which leads to a resonance-stabilized intermediate. 
When we draw both resonance structures, we can see 
that two positions are electrophilic. Nucleophilic attack 
can occur at either of these locations, giving rise to two 


products: 


H 
I? 


Br 


~~ 
À 


aS) 
‘Br: :Br: 


(racemic) 


(racemic) 


Notice that each of the products possesses a chiral center 
and is therefore produced as a racemic mixture (because 
the bromide ion can attack either face of the allylic 
carbocation with equal likelihood). 

Now let’s consider protonation at the position on top. 
Once again, protonation leads to a resonance-stabilized 
intermediate. When we draw both resonance structures, 
we can see that two positions are electrophilic. 
Nucleophilic attack can occur at either of these locations, 
giving two possible products, as shown: 


LA OO 
1 


ae) © 
: Br: :Br: 
1 
Br 
oe t 
Br 
(racemic) (racemic) 


In summary, we expect the following possible products: 


cence 


(racemic) 
(racemic) 
Br 
(racemic) Br 
(racemic) 


16.38. An increase in temperature allowed the system to 
reach equilibrium concentrations, which are determined 
by the relative stability of each product. Under these 
conditions, the 1,4-adducts predominate. Once at 
equilibrium, lowering the temperature will not cause a 
decrease in the concentration of the 1,4-adducts. 
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16.39. 

(a) The tert-butyl groups provide significant steric 
interactions that prevent the compound from adopting an 
s-cis conformation. 

(b) This diene is not conjugated. 

(c) The methyl groups provide a significant steric 
interaction in the s-cis conformation that prevents the 
compound from adopting this conformation. 

(d) This diene cannot adopt an s-cis conformation. 


16.40. The most reactive dienophile is the one connected 
to two electron-withdrawing C=O groups. Then, the 
dienophile with only one C=O group is the next most 
reactive. And finally, the least reactive dienophile is the 
one that lacks an electron-withdrawing substituent 
altogether. 


Reactivity in Diels-Alder reactions 


yk. ee a OD ce 
Oo 


16.41. The n bonds in 1,2-butadiene are not conjugated, 
and max is therefore lower than 217 nm. In fact, it is 
below 200 nm, which is beyond the range used by most 
UV-Vis spectrometers. 


16.42. 

(a) In a Diels-Alder reaction, the configuration of the 
dienophile (in this case, trans) is preserved in the 
product, giving a pair of enantiomers: 


HOOC 
© ý \Z™~cooH 


+ En 


COOH 


(b) In a Diels-Alder reaction, the configuration of the 
dienophile (in this case, trans) is preserved in the 
product, giving a pair of enantiomers. Notice that both 
substituents occupy endo (rather than exo) positions: 


. [= 
HOOC CN 


7: H +En 
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(c) In a Diels-Alder reaction, the configuration of the 
dienophile (in this case, trans) is preserved in the 
product, giving a pair of enantiomers: 


A 


O 


(d) The diene is cyclic and the dienophile has a cis 
configuration, so we must consider the endo rule. 
Specifically, we draw the endo product, which has an 
internal plane of symmetry in this case, so it is a meso 
compound. 


9 s 
— 
sa i oe = Fi Ap 
ss 
O O 
O 


(meso) 


If you have trouble seeing how the bicyclic framework is 
produced by this reaction, see the solution to Problem 
16.17f, which is very similar. 


(e) The dienophile is an alkyne, and the product does not 
have any chiral centers (no wedges or dashes). 


oO ZEN CN 
ee — LL 
NC CN 


(f) The starting material is a cyclic diene, but the endo 
rule is not relevant in this case, because an alkyne is used 
as the dienophile, so there are no endo positions. The 
product is a meso compound. 


COM 
MeO one 
ae 
S 
~~ * |l 
MeO 
CO2Me 
S 
MeO 
co 
ij / 2Me 
MeO COMe 
(meso) 
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16.43. 

(a) The product exhibits a cis orientation of the 
carboxylic acid groups, so the dienophile must have the 
cis configuration as well. 


COOH COOH 
De a © 

COOH COOH 
(b) The following diene and dienophile can be used to 
produce the desired product. 


NC CN 
$ | 5 CN 
CN 
NC CN CN 
CN 
If you have trouble seeing how the bicyclic framework is 
produced by this reaction, consider the following 


drawing in which the bond angles have been distorted to 
show how the bicyclic structure is formed: 


NC CN 


In this drawing, the dotted lines indicate the new o bonds 
that are formed during the Diels-Alder reaction. 


(c) The product exhibits a cis orientation of the aldehyde 
(CHO) groups, so the dienophile must have the cis 
configuration as well. Notice that the endo rule ensures 
formation of the desired product. 


CHO 
Ss =z 
CHO CHO 
CHO 


If you have trouble seeing how the bicyclic framework is 
produced by this reaction, consider the following 
drawing in which the bond angles have been distorted to 
show how the bicyclic structure is formed: 


OHC H 


In this drawing, the dotted lines indicate the new o bonds 
that are formed during the Diels-Alder reaction. 


(d) The following diene and dienophile can be used to 
produce the desired product. 


o oO 
ae 
O + o ——> j 
—_~. 
oO 
oO oO 
oO 


Notice that the endo rule ensures formation of the 
desired product. 


(e) The product exhibits a cis configuration, so the 
dienophile must have the cis configuration as well 
(although in this case, a trans configuration is not 
possible in a six-membered ring). 


O O 
H 
ao 
+ — 
SS 
H 
O oO 


(f) The product exhibits a cis configuration, so the 
dienophile must have the cis configuration as well 
(although in this case, a trans configuration is not 
possible in a six-membered ring). 


O O 
H 
+ Q —> 
H 
O O 
(g) The product exhibits a trans configuration, so the 
dienophile must have the trans configuration as well 


COOH 

+ | — A 

HOOC io mEn 
COOH 


If you have trouble seeing why a pair of enantiomers is 
produced, see the solution to Problem 16.17b, which is 
very similar to this problem (just replace the cyano 
groups with carboxylic acid groups) 


(h) The product has a cyclohexadiene ring, so the 
starting dienophile must be an alkyne: 


www.MyEbookNiche.eCrater.com 


16.44. A product with the molecular formula Ci4Hi206 
can be formed via two successive Diels-Alder reactions, 
as shown here: 


O O 
oO Oo 
+f co — o 
ANNS 
O oS O 
O 
O 


O (C14H1206) 


16.45. The following diene and dienophile would be 
necessary in order to produce the desired compound via 
a Diels-Alder reaction: 


Cl 
Cl 
Cl 
cl + Cl 
Cl 
Cl Cl 


Cl Cl 
cl Cl 
/ 
Cl I 
Í Cl į 
H Cl 
Chlordane 


If you have trouble seeing how the bicyclic framework is 
produced by this reaction, consider the following 
drawing in which the bond angles have been distorted to 
show how the bicyclic structure is formed: 


Cl 
Cl Cl Cl 
Cl —cl cl Cl 
/ 
— 
Cl 
a cl : 7 H 
H Cl 
Cl Š 
H Cl 


In this drawing, the dotted lines indicate the new o bonds 
that are formed during the Diels-Alder reaction. 
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16.46. The two ends of the conjugated system are much 
farther apart in a seven-membered ring than they are in a 
five-membered ring. 


16.47. One of the compounds has three n bonds in 
conjugation. That compound has the most extended 
conjugated system, so that compound is expected to have 
the longest Amax. Of the remaining two compounds, one 
of them exhibits conjugation (two m bonds separated by 
exactly one o bond), so it will have the next longest Amax. 
The compound with two isolated C=C bonds will have 
the shortest Amax: 


LOLOL ET 


Increasing 


max LOOT 


16.48. Each of these compounds has three a bonds that 
comprise one extended conjugated system. However, in 
the first compound (shown below), two of the bonds 
are in the same ring (homoannular), which adds +39 nm 
to the estimate for Amax. 


Cee 


We therefore expect this compound to have the longer 


Amax. 


16.49. This conjugated system (comprised of four m 
bonds) has two of the double bonds in the same ring 
(homoannular): 


4S 


In addition, there are seven auxochromic alkyl groups, 
highlighted here: 


ite; 
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and one exocyclic double bond: 


\ 


The calculation for Amax is shown here: 


Base = 217 

Additional double bonds = +60 
Auxochromic alkyl groups = +35 
Exocyclic double bonds = +5 
Homoannular diene _= +39 


Total = 356nm 


16.50. Notice that the carbon skeleton does not change 
during these reactions. It is the location of the deuteron, 
as well as the location of the 2 bonds, that changes. This 
is indeed characteristic of [1,5] | sigmatropic 
rearrangements, as seen in the following general reaction 
mechanism: 


S OL 


Notice that the position of the proton changes, as well as 
the position of the m bonds. And we can certainly 
envision this process occurring with a deuteron, in place 
of the proton: 


SL LL 


Much like the previous example, the position of the 
deuteron changes, as well as the position of the m bonds. 
This is exactly the type of transformation taking place in 
the reactions shown in the problem statement. It is 
therefore reasonable to explain each of these 
transformations with a [1,5] sigmatropic rearrangement, 
as shown: 


Me D Me Me 
2 eZ 
D 


16.51. Notice that the carbon skeleton does not change 
during these reactions. It is the location of a deuteron, as 
well as the location of the m bonds, that changes. As 
described in the solution to the previous problem, these 
changes are characteristic of a [1,5] sigmatropic 
rearrangement: 


D 
D >N heat 
JQ ee D 
D ~ x 
16.52. 


(a) This system has six m electrons, so an electrocyclic 
reaction is expected to occur under thermal conditions to 
give disrotatory ring closure. The resulting product is a 
meso compound because it is superimposable on its 
mirror image: 


ey 
heat 
— 
pe 


(meso) 


(b) This system has six n electrons, so an electrocyclic 
reaction is expected to occur under photochemical 
conditions to give conrotatory ring closure. The 
resulting product is chiral, and both enantiomers are 
expected (the methyl groups can both rotate in a 
clockwise fashion, or they can both rotate in a 


counterclockwise fashion, giving both possible 
enantiomers). 
— 
hv oes 
— 
wee "Bi 


+ En 


(c) This system has eight 7 electrons, so an electrocyclic 
reaction is expected to occur under thermal conditions to 
give conrotatory ring closure. The resulting product is 
chiral, and both enantiomers are expected (the methyl 
groups can both rotate in a clockwise fashion, or they 
can both rotate in a counterclockwise fashion, giving 
both possible enantiomers). 


A \ heat 
\ A vy 


+ En 


(d) This system has eight 7 electrons, so an electrocyclic 
reaction is expected to occur under photochemical 
conditions to give disrotatory ring closure. The resulting 
product is a meso compound because it is super- 
imposable on its mirror image: 


AN hv 
YX 


(meso) 
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16.53. 

(a) This system has six x electrons, so an electrocyclic 
reaction is expected to occur under photochemical 
conditions to give conrotatory ring closure. The 
resulting product is a meso compound because it is 
superimposable on its mirror image: 


t,he ee 


(meso) 


This product is obtained whether both methyl groups 
rotate in a clockwise fashion, or whether both methyl 
groups rotate in a counterclockwise fashion: 


peepee 

My 
(b) This system has six x electrons, so an electrocyclic 
reaction is expected to occur under thermal conditions to 
give disrotatory ring closure. The resulting product is 
chiral, and both enantiomers are expected (one methyl 
group rotates clockwise and the other rotates 


counterclockwise, or vice versa, leading to both possible 
enantiomers): 


— R 
heat i 
| — + En 


(c) This system has six n electrons, so an electrocyclic 
reaction is expected to occur under photochemical 
conditions to give conrotatory ring closure. The 
resulting product is chiral, and both enantiomers are 
expected (either both methyl groups can rotate clockwise 
or both can rotate counterclockwise, leading to both 
possible enantiomers): 


— 
< " XL 
— + En 


16.54. The compound on the right has a a bond in 
conjugation with the aromatic ring, while the compound 
on the left does not. Therefore, the compound on the 
right side of the equilibrium is expected to be more 
stable, and the equilibrium will favor this compound 
because it is lower in energy. 
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16.55. In this reaction, the four-membered ring is 
opening (this is the reverse of an electrocyclic ring 
closure). If we look at the product, we see that four 
m electrons are involved in the process. Under thermal 
conditions, this electrocyclic process is expected be 
conrotatory. In theory, two products can be produced 
from conrotatory ring-opening (the methyl groups can 
both rotate in a clockwise fashion, or they can both rotate 
in a counterclockwise fashion): 


CH3 
CH3 
mi heat G 7 ~CH3 
—> + 
t YY Ww CH3 
CH3 
CH3 Not formed. 


Methyl groups are 
too crowded 


However, the second possible product exhibits a severe 
steric interaction (the protons of the methyl groups are 
forced to occupy the same region of space), and this 
product is therefore not likely formed in substantial 
quantities. We therefore predict the following product 
for this reaction. 


CH3 
CH; 
mi heat Oo 
———Y 
S 
CH; 
CH3 


16.56. 

(a) This compound is an allylic vinylic ether, and it can 
therefore undergo a Claisen rearrangement to give a 
ketone, which tautomerizes to give the enol, thereby re- 
establishing aromaticity. Note that it is helpful to redraw 
the starting material, as shown below, so that it is easier 
to see the ring of electrons responsible for the 
transformation: 


o 
n _ sè 
ZO 


heat 
OH Oo 
taut. 
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(b) This compound is an allylic vinylic ether, and it can (c) This compound has two n bonds that are separated 


therefore undergo a Claisen rearrangement to give an from each other by exactly three o bonds. As such, this 
aldehyde, as shown. Note that it is helpful to redraw the compound can undergo a Cope rearrangement. To draw 
starting material, as shown below, so that it is easier to the product of this reaction, it is helpful to redraw the 
see the ring of electrons responsible for the starting material, as shown below, so that it is easier to 
transformation: see the ring of electrons responsible for the 


ks. transformation: 

Me y 

ZA = 

Z~o LE ~~ ee _ N heat “ia 
SN — r a 


{ á = 
| heat 


The product has a trisubstituted x bond, and is therefore 
more stable than the starting material. As such, the 
equilibrium will favor formation of the product. 


16.57. Benzoquinone has two C=C r bonds, each of which can function as a dienophile in a Diels-Alder reaction. 
Two successive Diels-Alder reactions will afford a tricyclic structure. The tricyclic products are diastereomers, and are 
formed because the second Diels-Alder reaction need not occur on the same face as the first Diels-Alder reaction. 


(0) O O 

S ic 

i —s | 

ZA yw 
O (excess) O O 


(meso) (meso) 


16.58. This transformation can occur via an intramolecular Diels-Alder reaction, in which a portion of the compound 
functions as the diene, while another portion of the compound functions as the dienophile. The result is a polycyclic 
compound (which is expected to be formed as a racemic mixture). 


O 


ZA — pe > 
oO O 


O 


16.59. First count the number of conjugated double 

bonds. This compound has three. Two of them count Next, look for any auxochromic alkyl groups. These are 

toward the base value of 217 nm and the other will add the carbon atoms connected directly to the chromophore. 

+30. This compound has five auxochromic alkyl groups each 
of which adds +5, giving another +25. 


MN, 
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Next, look for exocyclic double bonds. In this case, two 
double bonds (highlighted below) are exocyclic. One of 
the double bonds is exocyclic to two rings giving a total 
of three exocyclic relationships that each add +5 for a 
total of +15. 


exocylic to two rings 


exocylic to one ring 


Finally, look for a homoannular diene. There appears to 
be no ring that has two double bonds contained wholly 
within it, so no adjustment is required for this compound. 
In summary, the following calculation predicts a Amax of 
approximately 287 nm: 


Base = 217 
Additional double bond (1) = +30 
Auxochromic alkyl groups (5) = +25 
Exocyclic double bonds (3) = +15 
Homoannular diene (0) = 0 
Total= 287 nm 


This prediction is in fairly good agreement with the 
experimentally observed value of 283 nm. 


16.60. 

(a) a-Terpinene reacts with two equivalents of molecular 
hydrogen, so it must have two m bonds. These x bonds 
must be associated with two C=C double bonds (rather 
than being associated with a C=C triple bond), because 
the carbon skeleton (which does not change during 
hydrogenation) cannot support a triple bond: 


1-isopropyl- 
4-methylcyclohexane 


A triple bond could not have been in the ring, because a 
six-membered ring cannot support the linear geometry 
required by the sp hybridized carbon atoms of a triple 
bond. The other C-C bonds (outside the ring) can also 
not support a triple bond (without violating the octet rule 
by giving a carbon atom with five bonds). Therefore, a- 
terpinene must have two double bonds. 


(b) The ozonolysis products indicate how the molecule 
must have been constructed, because ozonolysis breaks 
C=C bonds into C=O bonds: 
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O H 
1) O3 O 
— + 
2) DMS O 
oO H 
a-terpinene 
H2 
Pt 


(c) This conjugated system is a homoannular diene: 


en 


In addition, there are four auxochromic alkyl groups, 


highlighted here: 


The calculation for Amax is shown here: 


Base = 217 
Additional double bonds = 0 
Auxochromic alkyl groups = +20 
Exocyclic double bonds = 0 
Homoannular diene _= +39 

Total = 276 nm 


16.61. The molecular formula (C7Hio) indicates three 
degrees of unsaturation (see Section 14.16). The 
problem statement indicates that compound A will react 
with two equivalents of molecular hydrogen (H2). 
Therefore, we can conclude that compound A has two m 
bonds, which accounts for two of the three degrees of 
unsaturation. The remaining degree of unsaturation must 
be a ring. Ozonolysis yields two products, which 
together account for all seven carbon atoms: 


Focus on the product with three carbonyl groups. Two 
of them must have been connected to each other in 
compound A (as a C=C bond), and the third carbonyl 
group must have been connected to the carbon atom of 
formaldehyde (CH20). This gives two possibilities: 
Either C1 was connected to C6 (and C2 was connected to 
C7): 
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O O 
4 
4-H = 
H€ 5 3 $ 
O 


1 
TUN 2 3 
28 
1 
my 4 
6 
5 


In summary, we have found two possible structures for 
compound A, both of which are conjugated dienes: 


DD 

16.62. The molecular formula (CeHio) indicates two 
degrees of unsaturation (see Section 14.16). The 
problem statement indicates that all proposed structures 
must be conjugated dienes, which accounts for both 
degrees of unsaturation. That is, the proposed structures 
cannot have any rings. All structures must be acyclic. 

To draw all possible conjugated dienes with the 
molecular formula CoHi0, we must first consider all of 
the different ways in which six carbon atoms can be 


connected to each other. 
We begin with a linear chain (parent = hexane): 


42446 


1 3 5 


Next, we look for any skeletons where the parent is 
pentane (five carbon atoms). There are only two such 
skeletons. Specifically, we can either connect the extra 
CH; group to positions C2 or C3 of the pentane chain: 


We cannot connect the CH; group to positions C1 or C5, 
as that would simply give us the linear chain (hexane), 
which we already drew (above). We also cannot connect 
the CH3 group to position C4 as that would generate the 
same structure as placing the CH3 group at the C2 
position: 


Cee = Poe 
1 3 5 5 3 1 


Next, we look for any skeletons where the parent is 
butane (four carbon atoms). There are only two such 
skeletons. Specifically, we can either connect two CH3 
groups to adjacent positions (C2 and C3) or the same 
position: 


If we try to connect a CH3CH2 group to a butane chain, 
we end up with a pentane chain (which was has already 
been drawn earlier): 


5 


In summary, there are five different ways in which six 
carbon atoms can be connected: 


Parent = hexane 


For each one of these skeletons, we must consider all of 
the different unique positions where the double bonds 
can be placed (keeping in mind that they must remain 
conjugated). For the first skeleton (hexane), there are 
many different locations where the double bonds can be 
placed. For example, the double bonds can be at C1 and 
C3 (giving two stereoisomeric options, because the 
double bond at C3 can have either the E configuration or 
the Z configuration): 


6 
2 4 5 
ANI” AE 2 
1 3 5 Z ZA 
(3E) 3 
(32) 


or the double bonds can be placed at C2 and C4 of the 
hexane skeleton, in which case each of the double bonds 
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can either have the Æ or Z configuration, giving three 
more possible structures: 


DYN ~ hte SA, 
a y 3 
(2E, 4E) (2Z, 4E) (2Z, 4Z) 


Next we move on to the skeletons that have only five 
carbon atoms in a linear chain, and for each of these 
skeletons, we consider all possible locations where the 
double bonds can be placed (including stereoisomers): 


Next we move on to the skeletons that have only four 
carbon atoms in a linear chain. There are two such 
skeletons, and the first of them cannot accommodate two 
mt bonds (without violating the octet rule by giving more 
the four bonds to a carbon atom). The other skeleton 
with only four carbon atoms in a linear chain CAN 
accommodate conjugated C=C bonds, but there is only 
such way, shown here: 


€ 
1 4 


In summary, we have revealed twelve different 
conjugated dienes with the molecular formula CsHio, 
shown here: 
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Parent = hexadiene 


ENINA 
a Z 


Parent = pentadiene 


Bt Pak shams 
4 id et 


Parent = butadiene 


rr 


16.63. Treating 1,3-butadiene with HBr at elevated 
temperature gives the 1,4-adduct, which can be treated 
with sodium hydroxide to give an Sn2 process in which 
Br is replaced with a hydroxyl group. Oxidation with 
PCC (or DMP or Swern) converts the alcohol into an 
aldehyde, which can then be treated with another 
equivalent of 1,3-butadiene to give a Diels-Alder 
reaction that affords the product. 


1) HBr, 40°C o 
2) NaOH 


"TX “CH 
HBr 
40°C x 
y 
x~ Br a a 


NaOH 
OH PCC 
— N27 


16.64. Nitroethylene should be more reactive than 
ethylene in a Diels—Alder reaction, because the nitro 
group is electron-withdrawing, via resonance: 


® 
ZING << > D 
O O 
© 


www.MyEbookNiche.eCrater.com 


596 CHAPTER 16 


16.65. The starting material is an allylic vinylic ether, so 
it can undergo a Claisen rearrangement. 


A 


Alternatively, we also note that the starting material has 
two C=C bonds that are separated from each other by 
exactly three o bonds, so it can undergo a Cope 
rearrangement: 


Ga a 


We will ultimately end up drawing both processes, and it 
does not matter the order in which we draw these two 
processes. Below, the Claisen rearrangement is drawn 
first, followed by the Cope rearrangement. If instead, the 
Cope rearrangement was drawn first, followed by the 
Claisen rearrangement, the same product would be 
obtained. 


Note that for each of the sigmatropic processes above 
(the Claisen rearrangement and the Cope rearrangement), 
the compound is redrawn in such a way that enables us 
to clearly see the motion of the electrons that cause the 
reaction. You are likely to make a mistake if you try to 
draw the curved arrows without first redrawing the 
structure. That is, avoid doing this: 


Avoid this: 


Draw it like this: 


16.66. First we determine the regiochemical outcome. 
The diene is electron-rich, as seen in the second 
resonance structure below: 


The diene is 
electron rich in 
this location 


And the dienophile is electron-poor, as seen in the third 
resonance structure below: 


O o oo 
S a 2 
| O <a H O <— O 
© 


The dienophile 
is electron poor 
in this location 


These two compounds will join in such a way that the 
electron-poor center lines up with the electron-rich 
center: 


Notice that the endo product is obtained, rather than the 
exo product, as is expected for Diels-Alder reactions. 


16.67. This transformation can be achieved via a retro 


Diels-Alder reaction (shown below), which requires 
elevated temperature, as described in Section 16.7. 


H H 
heat 
+ 
ny O- X 
H H 
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16.68. A Diels-Alder reaction, followed by a retro Diels-Alder reaction, can account for formation of the aromatic 
product, as shown here: 


o 
i o 
coo] Diels-Alder ot a - CO2 
ee NY 
o O 
o 


16.69. The nitrogen atom in divinyl amine is sp? hybridized. The lone pair is delocalized, and joins the two 
neighboring a bonds into one conjugated system. As such, the compound absorbs light above 200 nm (UV light). In 
contrast, 1,4-pentadiene has two isolated double bonds and therefore does not absorb UV light in the region between 
200 and 400 nm. 


16.70. Notice that compound 1 contains a strained, four-membered ring. When this compound is heated to 120 °C, it 
will undergo a thermal electrocyclic reaction to form compound 2, which possesses significantly less ring strain. The 
newly generated diene can then undergo a thermal, intramolecular Diels-Alder reaction with the alkyne, re-establishing 
aromaticity, and forming the hexacyclic product. 


O code sce 


16.71. The first step involves a 6-7 electrocyclic reaction that closes the first ring to form a cyclohexadiene. When this 
intermediate is redrawn, we can clearly see that the pendant alkene is in close enough proximity with the newly 
generated diene to induce an intramolecular [4+2] Diels-Alder cycloaddition, which will result in the formation of the 
tricyclic product. 


N RN 
NA i 135°C _ [442] NTs 
2k = j 
AN NTs AN NTs RoN RN 


16.72. The divinylcyclopropane unit is converted to a cycloheptadiene in this 3,3-sigmatropic rearrangement. 
Interestingly, this rearrangement also opens one ring (cyclopropane) and forms a new ring (cycloheptadiene). 


5 N—-OMe 
70°C 
Me3SiO Kx ——_ Me3SiO 


RO RO 
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16.73. Compound 1 undergoes an electrocyclic reaction involving 62-electrons. The reaction occurs with light, rather 
than heat, so we expect ring-closure to occur in a conrotatory fashion: 


La VS 


Conrotatory 


trans 


We therefore expect the two methyl groups to be trans to each other in the product: 


+ En 


Compound 2 has rotational symmetry, but it lacks reflectional symmetry (see Section 5.6). As such, it is chiral, in 
much the same way that trans-1,2-dimethylcyclohexane is chiral. 


16.74. Recall that two double bonds are conjugated if 
they are separated from each other by exactly one sigma 
bond (no more and no less). The double bonds at the 
periphery are separated by a C-C bond that has one 
sigma bond and one pi bond. Therefore, these two 
double bonds are conjugated: 


Conjugated 


The central double bond is not conjugated to either of the 
other double bonds, because there is no sigma bond 
separating them. Therefore, the correct answer is (c). 


16.75. A Diels-Alder reaction would be ideal to 
prepare the target. The product is a substituted 
cyclohexadiene (rather than a substituted cyclohexene), 
so the dienophile must be a disubstituted alkyne, rather 
than a disubstituted alkene. The correct answer is (d): 


CHO O 


MeO | nes 
T 
Ee ul — "zg 
—_~. 
MeO | 
CHO MeO CHO 
16.76. This is a Diels-Alder reaction. We begin by 


redrawing the diene in its s-cis conformation, and 
aligning it with the dienophile, as shown here: 


CO,Me CO.Me 
t heat 
—<$— 
a | 
CO2Me 
The correct answer is (b). Note that the cis relationship 
of the ester groups is maintained in the product. 


CO2Me 


16.77. Oligofurans are highly conjugated materials. 
When treated with maleimide, only one product results — 
the [4+2] addition to the terminal furan. Notice that this 
product is still conjugated — there are two furans that 
share resonance stabilization. 


conjugated x-system 


If the internal furan were to react, the conjugation 
between furans would be broken, leaving behind two 
isolated furans. This molecule would be much higher in 
energy because of the loss of conjugation. Since the 
product distribution of a Diels-Alder reaction is 
determined by thermodynamic considerations, the higher 
energy product is not obtained. 
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16.78. 
(a) The reaction is a cycloaddition process, so we expect a concerted process. The following curved arrows represent a 


concerted process that would give the product: 
(Y ~ 
[N Ph 


:N ~ N 
N | N \ 
| Ka N — y | N 
. O N 
A B 
(b) Depending on the relative orientation of the azide and alkyne during the reaction, the following compound can also 


be formed. 


~ yo ~ N 
N | le N \ 
Zi J M 

O :N Ph Oo N 


ae 


cp 
c 


(c) Recall from Chapter 9 that the smallest isolatable cycloalkyne is cyclooctyne, which experiences significant angle 
strain due to the incorporation of the two adjacent sp hybridized carbon atoms (that should have linear geometry) into 
an 8-membered ring. As such, compound A has significant angle strain. We can infer that this strain plays an important 
role in the click reaction, because alkyne D (which is free of this strain) is unreactive under these conditions. This 
angle strain increases the energy of the starting alkyne, thus decreasing the activation energy of the reaction (since it is 
now closer in energy to the transition state). Considering the geometry of the atoms involved in the reaction, the angle 
strain forces the alkyne to have bond angles closer to the angles required in the transition state leading to the sp? 
hybridized carbon atoms in the product. In other words, there is a higher activation energy associated with distorting an 
unstrained alkyne (180°) to an alkene (120°), compared to the analogous conversion of a strained alkyne (<180°) to an 
alkene (120°). 

Alkyne E is less reactive because the non-alkyne atoms in the ring are all sp? hybridized; this eases some of 
the angle strain due to their relative conformational flexibility. The multiple sp? hybridized atoms in the ring of alkyne 
A increase the strain on the alkyne, thus increasing the reaction rate. 

Alkyne F is less reactive because one of the methyl groups (on the aromatic ring) sterically hinders the 
approach of the benzyl azide. 


16.79. 

(a) The following electrocyclic reaction will produce an eight-membered ring. Since the reaction involves eight 7 
electrons, under thermal conditions, we expect conrotatory ring-closure, producing the trans-configuration seen in 
compound 2. This ring-closing reaction can occur if either: (1) both ends of the forming ring rotate clockwise, or 2) 
both ends rotate counter-clockwise. These two possibilities can occur with equal likelihood, resulting in a racemic 
mixture of compound 2. 
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+ Enantiomer 


Z A 


COR 


(b) The conversion of compound 2 to endiandric acid G occurs via an electrocyclic reaction involving six 7 electrons. 


H 
Endiandric acid G 


(+ Enantiomer) 


RO2C (+ Enantiomer) 


(c) Endiandric acid G contains two diene groups, but only one of them is in close proximity with the dienophile. An 
intramolecular Diels-Alder reaction, as shown below, gives endiandric acid C: 


H OH 
Diels-Alder HOC D 
HO2C ae SOY, -Ph H 
Z xa- Ph 
H 
H 


Endiandric acid G 
Endiandric acid C 


16.80. Both compounds exhibit intramolecular hydrogen bonding interactions, as shown below: 


intramolecular 
hydrogen bond 


| HG 


N H | 
i N 
H Isoroquefortine C AA \2N 
intramolecular R 


oquefortine C 
hydrogen bond 


However, the hydrogen bonding interaction in isoroquefortine C involves a “ring” comprised of six atoms, while the 
hydrogen bonding interaction in roquefortine C involves a “ring” comprised of seven atoms. 
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j Isoroquefortine C 


Roquefortine C 


Both are expected to prefer a coplanar arrangement of all atoms in the “ring,” because any deviations from coplanarity 
will diminish the stabilizing effect of conjugation. If confined to a coplanar arrangement, roquefortine C will have a 
more difficult time adopting the ideal bond angles for sp? hybridized centers (120°), because there are seven atoms in 
the “ring” rather than six. In contrast, isoroquefortine C (with its six atoms in the “ring”) will not experience as much 
strain as it attempts to adopt the ideal bond angles in a coplanar arrangement. Deviation from the ideal bond angles or 
from coplanarity will cause an increase in energy. While both compounds will deviate (to a certain extent) from the 
ideal bond angles and from coplanarity, the deviation is expected to be more significant for roquefortine C. Therefore, 
roquefortine C is higher in energy than isoroquefortine C. 

This explanation is verified by the experimentally determined bond angles for roquefortine C (largest bond 
angle is 134°) and isoroquefortine C (largest bond angle is 127°). 


16.81. 

(a) The problem statement indicates that compound 3 is formed from a thio-Claisen rearrangement of compound 2. 
This allows us to determine the structure of compound 2, as shown below (notice that the carbon-carbon z bond is 
shown in the Z configuration, as indicated in the problem statement): 


C} Ba 

i S q 

Kee s 

— > 

Phi, n Phin, bn 
2 3 

(b) Butyl lithium is a strong base, which removes the most acidic proton from compound 1, generating a resonance- 


stabilized anion. This anion can then function as a nucleophile and attack the alkyl bromide in an Sn2 reaction, 
generating compound 2, which then undergoes a thio-Claisen rearrangement to afford compound 3: 
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(c) The existing chiral centers have an influence on the stereochemical outcome of this reaction. Specifically, one of 
the phenyl groups provides steric hindrance that forces the reaction to occur in a stereospecific manner, so that the 
phenyl group and the cyclohexyl group remain far apart from one other: 


ZA 7 


reaction occurs from this conformation reaction does not occur from this conformation 
(forcing the methyl group forward) (due to a steric interaction, as indicated) 


= steric 


interaction 


The reaction will proceed via the lowest energy transition state, which is most likely achieved from the first 
conformation above, rather than from the second conformation, in which there is a large steric interaction (highlighted). 
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Chapter 17 
Aromatic Compounds 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 17. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 
Vocabulary. 


e When a benzene ring is a substituent, it is called a group. 
e Disubstituted derivatives of benzene can be differentiated by the use of the descriptors ; 
meta and , or by the use of locants. 


e Benzene is comprised of a ring of six identical C-C bonds, each of which has a bond order of 


e The stabilization energy of benzene can be measured by comparing of hydrogenation. 


e The stability of benzene can be explained with MO theory. The six n electrons all occupy 
MOs. 
e The presence of a fully conjugated ring of n electrons is not the sole requirement for aromaticity. 
The requirement for an odd number of electron pairs is called rule. 
e Frost circles accurately predict the relative energy levels of the in a conjugated ring 
system. 
e A compound is aromatic if it contains a ring comprised of 
and if it has a number of m electrons in the ring. 


e Compounds that fail the first criterion are called 
e Compounds that satisfy the first criterion, but have 4n electrons athët than 4n+2) are 


e Cyclic compound containing heteroatoms, such as S, N, O, are called 
e Any carbon atom attached directly to a benzene ring is called a position. 
e Alkyl benzenes are oxidized at the benzylic position by or 


e Jna Birch reduction, the aromatic moiety is reduced to give a nonconjugated diene. The carbon 
atom connected to is not reduced, while the carbon atom connected to 
is reduced. 


Review of Skills 


Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 
the end of Chapter 17. The answers appear in the section entitled Skil/Builder Review. 


17.1 Naming a Polysubstituted Benzene 


PROVIDE A SYSTEMATIC NAME FOR THE FOLLOWING COMPOUND 


OH 


1) IDENTIFY THE PARENT 
CI 2) IDENTIFY AND NAME SUBSTITUENTS 
3) ASSIGN LOCANTS TO EACH SUBSTITUENT 
4) ALPHABETIZE 
Br 
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17.2 Determining Whether a Structure is Aromatic, Nonaromatic, or Antiaromatic 


IDENTIFY EACH COMPOUND OR ION BELOW AS AROMATIC, ANTIAROMATIC, OR 
NONAROMATIC: 


ae OQ © Gg OB 
J | ) | ) ( 


| ) l 


17.3 Determining Whether a Lone Pair Participates in Aromaticity 


IN THE FOLLOWING COMPOUND, IDENTIFY WHETHER EACH LONE PAIR PARTICIPATES IN AROMATICIT Y: 


17.4 Manipulating the Side Chain of an Aromatic Compound 


FOR EACH TRANSFORMATION BELOW, IDENTIFY THE TYPE OF REACTION THAT COULD BE USED (Sp2, Sy1, E2, ETC.) 
DE D r N 
a — 
WN oO OH 
OH 


17.5 Predicting the Product of a Birch Reduction 


PREDICT THE MAJOR PRODUCT OF THE FOLLOWING REACTION: 


(0) 


Na, CH3OH 
— p 
NH3 
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Review of Reactions 


Identify the reagents necessary to achieve each of the following transformations. 
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To verify that your 


answers are correct, look in your textbook at the end of Chapter 17. The answers appear in the section 


entitled Review of Reactions. 


— > 


Mistakes to Avoid 


When analyzing an NMR spectrum ('H or '3C), we 
must always consider the role of symmetry in 
affecting the number of signals in the spectrum. 
For example, consider the number of signals in the 
IH NMR spectrum of each of the following 


constitutional isomers: 
para-xylene 


ortho-xylene meta-xylene 


Each of these compounds exhibits a different 
number of signals in its 'H NMR spectrum (3 
signals, 4 signals, and 2 signals, respectively). 
Similarly, each of these compounds exhibits a 
different number of signals in its C NMR 
spectrum (4 signals, 5 signals, and 3 signals, 
respectively). 


O 
Br OH 


Gý 
SC 
ð — ð 


When analyzing an NMR spectrum of an aromatic 
compound, always make sure that the substitution 
pattern (i.e. monosubstituted, ortho-disubstituted, 
etc.) is fully consistent with all signals in the 
spectrum (taking symmetry into account). When 
doing so, avoid being distracted by the positions of 
the double bonds. After all, the m electrons are 
delocalized, and there are resonance structures in 
which the double bonds are drawn in different 
locations. The best way to avoid being distracted 
is to draw a circle to represent the aromatic ring, 
like this: 


ortho-xylene meta-xylene 


para-xylene 
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To see the value of this approach, consider the 
following structure and determine how many 
signals are expected in the 'H NMR and C NMR 
spectra of this compound: 


H H 
H3C CH3 
H H 


By redrawing the structure with circles to represent 
aromatic rings (rather than alternating single and 
double bonds), it becomes easier to see that there 
are only two unique kinds of protons in this 
structure (highlighted below): 


Useful reagents 


This compound will have only two signals in its 'H 
NMR spectrum. 

Similarly, the compound will have only four 
signals in its }C NMR spectrum: 


oe OK = 


Throughout the solutions presented in this chapter, 
we will often represent aromatic rings with circles 
(particularly when symmetry is relevant to the 
discussion). 


The following is a list of reagents encountered in this chapter, as well as their specific function in the context of this 


chapter: 


Reagents 


Description 


Na2Cr207, H2SO4, H20 


Sodium dichromate and sulfuric acid give chromic acid, which is a strong oxidizing 
agent that can be used to oxidize a benzylic position, provided that the benzylic 
position has at least one benzylic proton. The alkyl group (connected to the aromatic 
ring) is converted into a carboxylic acid group. 


1) KMnOa, H20, heat 


Potassium permanganate. A strong oxidizing agent that can be used to oxidize a 
benzylic position, provided that the benzylic position has at least one benzylic 


2) H30* proton. The alkyl group (connected to the aromatic ring) is converted into a 
carboxylic acid group. 
N-Bromosuccinimide. A reagent that is used for radical bromination at the benzylic 
NBS, heat oe 
position. 
HO Water is a weak nucleophile that can be used in an Sn1 reaction with a benzylic 
7 halide. 
Hydroxide is a strong nucleophile that can be used in an Sx2 reaction with a primary 
NaOH : : 
benzylic halide. 
cone. H2SO4 A strong acid that can be used to achieve acid-catalyzed dehydration to give an 
alkene. 
NaOEt Sodium ethoxide is a strong base that can be used to convert secondary or tertiary 


halides into alkenes (via an E2 process) 


3H2, 100 atm, 150 °C 


Conditions for complete hydrogenation of benzene to give cyclohexane. 


Na, CH30H, NH3 


Reagents for a Birch reduction, which reduces a benzene ring to give a 1,4- 
cyclohexadiene ring. 
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Solutions 


17.1. 

(a) The parent is benzaldehyde, shown in bold. An 
isopropyl group is located at C3 (also called the meta 
position), so the compound is 3-isopropylbenzaldehyde, 
(also called meta-isopropylbenzaldehyde): 


(b) The parent is toluene, shown in bold. A bromo 
group is located at C2 (also called the ortho position), so 
the compound is 2-bromotoluene (also called ortho- 
bromotoluene): 


(c) The parent is phenol, shown in bold. Two nitro 
groups are located at C2 and C4, so the compound is 
called 2,4-dinitrophenol: 


ON 4 2 NO3 


4 
OH 


(d) The parent is benzene, shown in bold. There are 
three substituents (two isopropyl groups and one ethyl 
group). The assignment of locants, shown below, 
achieves the lowest numbers for all three substituents: 


Therefore, the name of the compound is: 
2-ethyl-1,4-diisopropylbenzene 


(e) The parent is phenol, shown in bold. The 
substituents are each named and assigned a locant, as 
shown below. The locants start at the carbon atom 
connected to the OH group, and are then assigned 
counter-clockwise. This way, the ethyl group (“e”) is 
assigned a lower locant than the isopropyl group (“i”), 
since there are no other differentiating factors that would 
allow us to decide which way to assign the locants. 


2,6-dibromo-4-chloro-3-ethyl-5-isopropylphenol 
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17.2. When naming this compound, there are three 
choices for the parent. The compound can be named as a 
disubstituted phenol, as a disubstituted toluene, or as a 
trisubstituted benzene. For each of these possibilities, 
the assignment of locants is shown: 


BN 4 2 CH3 Br CH3 


1 
OH a 2>OH 


Parent = phenol Parent = toluene 


Br. 4 2_CH3 


1 
OH 


Parent = benzene 
This gives the following three possible names: 


(a) 4-bromo-2-methylphenol 
(b) 5-bromo-2-hydroxytoluene 
(c) 4-bromo-1-hydroxy-2-methylbenzene 


17.3. 
(a) The parent is anisole (methoxybenzene), and there 
are three other substituents (Br, Br, and Cl), in the 
following locations: 

OMe 


Br. Br 


CI 


(b) The parent is phenol (hydroxybenzene), and there is 
one nitro group, located at C3 (the meta position): 


OH 


NO2 


17.4. When naming this compound, there are three 
choices for the parent. The compound can be named as a 
disubstituted benzene, as a monosubstituted toluene, or 
as xylene. This gives the following possible names, all 
of which are acceptable IUPAC names: 


(a) meta-xylene 

(b) meta-dimethylbenzene 
(c) 1,3-dimethylbenzene 
(d) meta-methyltoluene 
(e) 3-methyltoluene 
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17.5. 
(a) Eugenol contains three substituents: an allyl group, a hydroxy group, and a methoxy group. 


methoxy allyl 
= (© ion 
HO 
hydroxy 


All benzene derivatives can be named with benzene as the parent. In this case, the parent could also be either phenol 
(hydroxybenzene) or anisole (methoxybenzene). So there are three choices for the parent. For each possibility, the 
assignment of locants is shown by numbering to give the lowest possible number to each consecutive substituent: 


3 3 
HCO. 2 4 Z HCO 2 AN4 e H3CO 


HO” 1 HO" 1 HO 


parent = benzene parent = phenol parent = anisole 


The last step is to arrange the substituents alphabetically so the three names for eugenol are as follows: 
As a benzene derivative: 4-allyl-1-hydroxy-2-methoxybenzene 

As a phenol derivative: 4-allyl-2-methoxyphenol 

As an anisole derivative: 5-allyl-2-hydroxyanisole 


Thymol contains three substituents as well: a methyl group, a hydroxy group, and an isopropyl group. Each can be 
named based on benzene, phenol, or toluene as the parent. These possibilities are shown below, with the corresponding 
locants shown: 


HO, 2 4 HO, 3 4 


parent = benzene parent = phenol parent = toluene 


Arranging the substituents we obtain the following three possible IUPAC names: 
As a benzene derivative: 2-hydroxy-1-isopropyl-4-methylbenzene 

As a phenol derivative: 2-isopropyl-5-hydroxyphenol 

As a toluene derivative: 3-hydroxy-4-isopropyltoluene 


(b) This name violates two of the rules for naming polysubstituted aromatic compounds. First, the substituents are not 
listed alphabetically. Second, if named with benzene as the parent, the methyl group needs to have the first locant in 
order to minimize the number of the third locant. Thus, a correct name would be 2-hydroxy-4-isopropyl-1- 
methylbenzene. 


17.6. The molecular formula (CsHs) indicates five as the structure of the resulting dibromide (compound B) 
degrees of unsaturation (see Section 14.16), four of are shown here: 
which are accounted for by the aromatic ring, so the 
structure must also contain either a ring or a double bond 


(in addition to the aromatic ring). If compound A Br 
undergoes bromination to produce a dibromide, then it 5 


Br 


must contain a C=C double bond (outside of the aromatic 

ring, which does not react with Br2). This C=C double 

bond accounts for the last degree of unsaturation, Compound A Compound B 
described above. The structure of compound A, as well (CgHg) (CgHgBr2) 
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17.7. 

(a) According to Figure 17.1, the conversion from 
cyclohexane to cyclohexene is uphill in energy (AH has a 
positive value). 

(b) According to Figure 17.1, the conversion from 
cyclohexene to benzene is uphill in energy (AH has a 
positive value). 

(c) According to Figure 17.1, the conversion from 
cyclohexadiene to benzene is downhill in energy (AH 
has a negative value). 


17.8. 

(a) This compound has six 1 bonds, for a total of twelve 
m electrons. Twelve is not a Htickel number, so the 
compound is not expected to be aromatic. 

(b) This compound has seven x bonds, for a total of 
fourteen m electrons. Fourteen is a Hiickel number. In 
Section 17.5, we saw that [14]annulene is somewhat 
destabilized by a steric interaction between the hydrogen 
atoms positioned inside the ring. Although [14]annulene 
is nonplanar, it does indeed exhibit aromatic 
stabilization, because the deviation from planarity is not 
too great. 

(c) This compound has eight n bonds, for a total of 
sixteen 7m electrons. Sixteen is not a Hiickel number, so 
the compound is not expected to be aromatic. 


17.9. We draw a circle and inscribe a triangle inside the 
circle, with one of the points of the triangle at the bottom 
of the circle. Each location where the triangle touches 
the circle represents an energy level. The energy level 
on the bottom of the circle is a bonding MO, and the two 
energy levels on top are antibonding MOs. The structure 
has two z electrons, which both occupy the bonding MO. 
This Frost circle indicates that there is only one bonding 
MO and it is filled, while the antibonding MOs are 
empty. This structure is expected to exhibit aromatic 
stabilization. 


= = Antibonding 


= Bonding 


17.10. This structure exhibits a ring of continuously 
overlapping p orbitals, and there are 22 m electrons (a 
Hückel number). Therefore, the compound is expected 
to exhibit aromatic stabilization. 


17.11. 

(a) This structure exhibits a ring of continuously 
overlapping p orbitals, but there are four m electrons, 
rendering the structure antiaromatic. This anion is 
expected to be very high in energy (very unstable). 

(b) This structure exhibits a ring of continuously 
overlapping p orbitals (C+ represents a carbon atom with 
an empty p orbital), and there are two m electrons, 
rendering the structure aromatic. 

(c) This structure exhibits a ring of continuously 
overlapping p orbitals, but there are four m electrons, 
rendering the structure antiaromatic. 
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(d) This structure exhibits a ring of continuously 
overlapping p orbitals (the lone pair occupies a p orbital 
because it is resonance stabilized). There are ten 7 
electrons, rendering the structure aromatic. 


17.12. In order to predict whether this dianion is 
aromatic, we must determine if the following two criteria 
have been met: 

1. Does the compound contain a ring comprised of 
continuously overlapping p orbitals? 

2. Is there a Hückel number of z electrons in the ring? 


The lone pairs can occupy p orbitals providing for 
continuous overlap of p orbitals around the ring, so the 
first criterion has been met. To determine if the second 
criterion has been met, we must count the number of 2 
electrons. Each x bond counts as two electrons, and each 
lone pair counts as two electrons, for a total of 10 n 
electrons. Ten is a Hiickel number, so the dianion is 
aromatic. All ten m electrons are thus completely 
delocalized around the eight-membered ring. 


17.13. 

(a) One of the lone pairs occupies a p orbital, thereby 
rendering the compound aromatic (six = electrons). The 
other lone pair will occupy an sp? hybridized orbital, in 
the plane of the ring, extending away from the ring. 

(b) One of the lone pairs occupies a p orbital, thereby 
rendering the compound aromatic (six 7 electrons). The 
other lone pair will occupy an sp? hybridized orbital, in 
the plane of the ring, extending away from the ring. 

(c) If the lone pair were to occupy a p orbital, there 
would be a continuous system of overlapping p orbitals 
with eight m electrons (antiaromatic). To avoid the 
instability associated with antiaromaticity, the lone pair 
is expected to occupy an sp? hybridized orbital. 

(d) One of the lone pairs on the sulfur atom occupies a p 
orbital, thereby rendering the compound aromatic (six 7 
electrons). The lone pair on the nitrogen atom occupies 
an sp” hybridized orbital that is in the plane of the ring 
(because the nitrogen atom is already using a p orbital to 
establish aromaticity). 

(e) There is only one lone pair (on oxygen) and it is not 
participating in aromaticity. That oxygen atom is already 
using a p orbital to establish aromaticity. 

(f) Each nitrogen atom has one lone pair, and neither is 
participating in aromaticity. In each case, the nitrogen 
atom is already using a p orbital to establish aromaticity. 
(g) The compound is not aromatic. In order to achieve a 
continuous system of overlapping p orbitals, each 
oxygen atom would need to contribute a lone pair in a p 
orbital, and that would give 8 z electrons (not a Hiickel 
number). 

(h) One of the lone pairs on the oxygen atom occupies a 
p orbital, thereby rendering the compound aromatic (six 
m electrons). The lone pair on the nitrogen atom 
occupies an sp” hybridized orbital that is in the plane of 
the ring (because the nitrogen atom is already using a p 
orbital to establish aromaticity). 
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17.14. In addition to the aromatic rings indicated in the structures of the best-selling drugs (Section 17.1), each of the 
highlighted rings also has a continuous system of overlapping p orbitals, with six z electrons, and is therefore aromatic: 


o — X f 
C) ea JAS 


Lipitor 


Prilosec FoF 


17.15. 
acidic (has a lower pKa), because deprotonation restores 


The first compound is expected to be more 


aromaticity to the ring. 


—=\®_H Base 
N 7 
az H 


not aromatic 


TENG 
N—H 
— 


aromatic 


The second compound is already aromatic, even before 
deprotonation. 


NO Base z 
N—H — N: 
N } \ 


aromatic aromatic 
In this case, the driving force for losing the proton is not 
as great. 


17.16. 

(a) Yes, it has the required pharmacophore (two aromatic 
rings separated by one carbon atom, and a tertiary 
amine). 


(b) Meclizine is mostly nonpolar, so it crosses the blood- 
brain barrier and binds with receptors in the central 
nervous system, causing sedation. 


/ 


/ 
T 
7 
N 
Zyprexa 
Cl 
N 
Y “uN 
iP é ð Si 
oO N ee 
H o— 
Prevacid Plavix 


(c) Introduce polar functional groups (such as OH groups 
or COOH groups) that reduce the ability of the 
compound to cross the blood-brain barrier. 


17.17. 
(a) The benzylic position undergoes oxidation, giving a 
carboxylic acid: 

oO 


OH 


(b) Each of the benzylic positions undergoes oxidation. 
Notice that oxidation of the ethyl group involves 
cleavage of a C-C bond to give a diacid with one less 
carbon atom than the starting material. 


O O 


HO OH 


(c) There are three benzylic positions, but one of these 
positions (the tert-butyl group) lacks a benzylic proton, 
and as such, that position does not undergo oxidation. 
The other two benzylic positions undergo oxidation, 
giving the following diacid. 


O O 


HO OH 
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17.18. 
(a) There are two questions to ask when approaching a 
synthesis problem. 


1) Is there a change in the carbon skeleton? 
2) Is there a change in the position or identity of the 
functional groups? 


In this case, there is no change in the carbon skeleton: 


OK —- OX 

but there is a change in the functional group. 
Specifically, an OH group must be installed in the 
benzylic position. We did not encounter a one-step 
method for achieving this transformation. However, we 
can achieve the desired transformation in two steps 


(bromination at the benzylic position, followed by an 
Sn1 process in which water is used as a nucleophile). 


Z | E OH 
NBS O H2O 
heat 
Br 


(b) There are two questions to ask when approaching a 
synthesis problem. 


1) NBS, heat 
E 
2) H20 


1) Is there a change in the carbon skeleton? 
2) Is there a change in the position or identity of the 
functional groups? 


In this case, there is no change in the carbon skeleton. 


I~ — O~ 


but there is a change in the functional group. 
Specifically, a n bond must be installed. We did not 
encounter a one-step method for achieving this 
transformation. However, we can achieve the desired 
transformation in two steps: 

1) bromination at the benzylic position, followed by 

2) elimination (E2) upon treatment with a strong base, 


such as sodium ethoxide: 
DE 


NaOEt 


1) NBS, heat 


— 


2) NaOEt 


Br 
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(c) There are two questions to ask when approaching a 
synthesis problem. 


1) Is there a change in the carbon skeleton? 
2) Is there a change in the position or identity of the 
functional groups? 


In this case, there is a change in the carbon skeleton. 
The product has one more carbon atom than the starting 
material: 


Also, a functional group (cyano group) must be installed 
at the benzylic position. We did not encounter a one- 
step method for achieving this transformation. However, 
we can achieve the desired transformation in two steps: 
1) bromination at the benzylic position, followed by 

2) substitution (SN2), in which a cyanide ion functions 


as the nucleophile: 
C= oOo 
NaCN 


NBS Br 
heat 


(d) There are two questions to ask when approaching a 
synthesis problem. 


1) NBS, heat 
2) NaCN 


1) Is there a change in the carbon skeleton? 
2) Is there a change in the position or identity of the 
functional groups? 


In this case, there is no change in the carbon skeleton, 
but there is a change in the functional group. 
Specifically, a methoxy group (OMe) must be installed 
in the benzylic position. We did not encounter a one- 
step method for achieving this transformation. However, 
we can achieve the desired transformation in two steps: 
1) bromination at the benzylic position, followed by 

2) substitution (Sn1), in which methanol functions as the 


nucleophile: 


NBS OL MeOH 
heat Br 


ee hedt NBS, heat 


“2)MeOH MeOH 
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(e) There are two questions to ask when approaching a 
synthesis problem. 


1) Is there a change in the carbon skeleton? 
2) Is there a change in the position or identity of the 
functional groups? 


In this case, there is a change in the carbon skeleton. 
The product has one less carbon atom than the starting 
material: 


This carbon atom 
must be removed 


D | S O 
Also, a functional group (a C=O bond) must be installed. 
Let’s begin with the change in the carbon skeleton. We 
have only learned one way (ozonolysis) to remove a 


carbon atom from the carbon skeleton. Ozonolysis 
would indeed install the necessary functional group in 


the correct location: 
& z i 


This strategy requires that we first form the alkene 
above, which can be accomplished via bromination of 
the benzylic position, followed by elimination (E2) upon 
treatment with a strong base (such as sodium ethoxide): 


1) O3 
—— 


2) DMS 


1) NBS, heat 


J 2) NaOEt 
N 3) O3 


4) DMS 


(f) There are two questions to ask when approaching a 
synthesis problem. 


1) Is there a change in the carbon skeleton? 
2) Is there a change in the position or identity of the 
functional groups? 


In this case, there is a change in the carbon skeleton. 
The product has two additional carbon atoms that are 
absent in the starting material: 


Also, a functional group (an OH group) must be installed 
at the benzylic position. Both of these goals (the change 
in carbon skeleton and installation of the functional 
group) can be accomplished via a Grignard reaction. 
That is, the following Grignard reaction can create the 
necessary C-C bond, while leaving an OH group in the 
desired location. 


OH 


1) PrMgBr 
2) H20 


However, the necessary aldehyde does not have the same 
number of carbon atoms as the starting material: 


O 
1 | 


a 


Nevertheless, we can easily convert the starting material 
into the desired aldehyde via the following three step 
process: 


1) bromination at the benzylic position, 
2) elimination (E2) upon treatment with a strong base, 


3) ozonolysis 


This strategy is shown here: 


OH 
1) NBS, heat 
2) NaOEt 
ol 
3) O3 
4) DMS 
5) PrMgBr 1) PrMgBr 
NBS, 6) H20 2) H2O 
Heat 
Br Oo 
Di N O~ 
NaOEt S 1) O3 
2) DMS 


There are certainly other acceptable solutions to this 
problem. The solution above represents just one 
approach. For example, the following is another 
acceptable approach: 
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OH OH 
1) NBS, heat 1) NBS, heat 
2) NaOEt 2) NaOEt 
oe — 
3) RCO3H 3) BH * THF 


4) EtMgBr 4) H202, NaOH 
NBS, 5) H20 1) EtMgBr 5) PCC H30* 
Heat 2) H2O NBS, 6) EtMgBr 
Br | Heat 7) H2O 


O Br 8) conc. NNS 
H2S04 
heat 
9) H30° | conc. 
NaOEt Cy RCO3H 


| NaOEt 

OH 
And here is yet one further way to achieve the desired S 1) EtMgBr 
transformation. In the following proposed synthesis, the j 2) HO 
regiochemical outcome of the final step is controlled by 1) BH3: THF 2 
the preference for formation of a benzylic carbocation 3 
: : : ; 2) H202, NaOH | 
intermediate, and the regiochemical outcome of the 
penultimate step is controlled by the preference for A o 


formation of a conjugated n bond. PCC 
OH 


17.19. We begin by asking the following two questions: 


1) Is there is a change in the carbon skeleton? 
2) Is there is a change in the identity and/or location of the functional group(s)? 


In this example, the carbon skeleton has not changed; however, two carbon atoms have been functionalized (the 
benzylic carbon atom and the carbon atom adjacent to it). Approaching this synthesis from a retrosynthetic 
perspective, we know that the diol can be made via dihydroxylation of a carbon-carbon double bond; given our recent 
study of the stability of aromatic systems, it is reasonable to expect that the aromatic a bonds will not undergo 
dihydroxylation: 


The carbon-carbon double bond can be made via an elimination reaction, using a suitable leaving group, from either of 
two regioisomers: 


OCH; OCH; 


or 


Regioisomer A Regioisomer B 
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In particular, regioisomer A allows us to make use of the reactivity of the benzylic position to install a bromide via 


benzylic bromination. 
OCH3 OCHs3 
H H 
Br 


Regioisomer A 


Now let’s draw the entire synthesis in the forward direction. Our synthesis begins with benzylic bromination, using 
NBS and light. As mentioned in the problem statement, formation of the secondary benzylic bromide is favored. 
Elimination is accomplished using a strong base, such as DBU. The desired cis-diol can then be obtained using 
OsO4/NMO to affect a stereospecific syn addition. This addition reaction can theoretically occur on either face of the 
alkene, although there is an observed preference for formation of the diastereomer shown (with the two OH groups on 
dashes, rather than on wedges), as a result of steric effects: 


OCH3 
a AY NBS, hv 
DBU DBU 
3) cat. OsO4, 
NMO 


| nes hv 
OCH3 
DBU _ _ > 
17.20. each other. This gives the following product (note: the 
(a) The ring bears one substituent (an alkyl group), two structures below represent the same compound): 


which is electron donating. The carbon atom next to the 


alkyl group will not be reduced. In a Birch reduction, 
only two positions are reduced, and they must be 1,4 to 
each other. This gives the following product (note: the =Z 
two structures below represent the same compound): == 


(c) The ring bears two substituents (alkyl groups), which 
are both electron donating. The carbon atoms next to the 
= alkyl groups will not be reduced. In a Birch reduction, 
only two positions are reduced, and they must be 1,4 to 
each other. This gives the following product: 
(b) The ring bears two substituents (alkyl groups), which 
are both electron donating. The carbon atoms next to the 
alkyl groups will not be reduced. In a Birch reduction, 
only two positions are reduced, and they must be 1,4 to 


www.MyEbookNiche.eCrater.com 


(d) The ring bears two substituents (alkyl groups), which 
are both electron donating. The carbon atoms next to the 
alkyl groups will not be reduced. In a Birch reduction, 
only two positions are reduced, and they must be 1,4 to 
each other. This gives the following product: 


(e) The ring bears one substituent (a carboxylic acid 
group), which is electron withdrawing. The carbon atom 
next to the carboxylic acid group will be reduced. Ina 
Birch reduction, only two positions are reduced, and they 
must be 1,4 to each other. This gives the following 
product: 


17.21. 
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OH 


(f) The ring bears two substituents. The alkyl group is 
electron donating, so the carbon atom next to the alkyl 
group is not reduced. The carboxylic acid group is 
electron withdrawing, so the carbon atom next to the 
carboxylic acid group is reduced. In a Birch reduction, 
only two positions are reduced, and they must be 1,4 to 
each other. This gives the following product: 


(0) 


HO 


(a) Compound 1 contains a lone pair (on the methoxy oxygen) next to a a-bond, so we draw two curved arrows 
associated with that characteristic pattern (see Chapter 2). The resulting resonance structure also exhibits a lone pair 
next to a m-bond, so once again, we draw the resulting resonance structure. This pattern is continued, until the final 
resonance structure differs from the first resonance structure only in the position of the double bonds (that is, in fact, 
one of the other characteristic patters seen in Chapter 2 — conjugated m-bonds enclosed in a ring). 


i A 
Q 
Qo :0 
CH3 


NCH; 


10, 
® ~CH3 


re 


ae 


‘8 CH; 


(b) There are three possible products that could result from a Birch Reduction of 1. Let’s call them A, B, and C. 


Q.Q 


OCH; 
A 


OCH; 
B c 


OCH; 


We know that alkyl groups are electron donating and they direct the reduction away from the point of attachment of the 


alkyl group. Thus, option B is unlikely because the carbon atom attached to the methyl group is reduced. 


If the 


methoxy substituent was predominantly electron-donating, A would be the major product; and if the methoxy 


substituent was predominantly electron-withdrawing, then C would be the major product. 


Since A is the major 


product, we deduce that the methoxy group must be electron-donating, and resonance must be the major factor. Indeed, 


this fact will be further discussed in the next chapter. 


17.22. 

(a) The molecular formula (CsHsO) indicates five 
degrees of unsaturation (see Section 14.16), which is 
highly suggestive of an aromatic ring, in addition to 
either one double bond or one ring. The aromatic ring is 
confirmed by the presence of a signal just above 3000 
cm’! in the IR spectrum, as well a signal at 1646 cm". In 
the 'H NMR spectrum, the multiplet at 7.5 ppm also 
confirms the aromatic ring. Notice that this multiplet has 


an integration of 5, which indicates that the aromatic ring 
is monosubstituted: 
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The singlet with an integration of 3 indicates a methyl 
group, and its chemical shift suggests it might be near a 
C=O bond: 

(0) 


A 


Indeed, a C=O bond will account for the signal at 1686 
cm! in the IR spectrum as well as the fifth degree of 
unsaturation described earlier. The signal at 1686 cm! is 
consistent with a conjugated carbonyl group, as seen in 
the following structure: 

O 


(b) As seen in Section 17.2, the common name for this 
compound is acetophenone. 


(c) The reagents indicate a Birch reduction. The ring 
bears one substituent (a carbonyl group), which is 
electron withdrawing via resonance. The carbon atom 
next to the carbonyl group will be reduced. In a Birch 
reduction, only two positions are reduced, and they must 
be 1,4 to each other. This gives the following product: 


O 


17.23. 

(a) The molecular formula (CsH10) indicates four degrees 
of unsaturation (see Section 14.16), which is highly 
suggestive of an aromatic ring. The presence of an 
aromatic ring is confirmed by the signals just above 3000 
cm”! in the IR spectrum, as well as the signal near 1600 
cm. In the 'H NMR spectrum, the multiplet at 7.1 ppm 
further confirms the presence of an aromatic ring. The 
integration of this signal is 4, indicating that the aromatic 
ring is disubstituted. The aromatic ring accounts for six 
of the eight carbon atoms in the compound (CsH10), so 
there must be two methyl groups attached to the ring 
(dimethyl benzene). To determine the substitution 
pattern (ortho, meta or para), we note that the C NMR 
spectrum exhibits three signals in the region of 100-150 
ppm, which indicates the ortho substitution pattern: 


(b) As seen in Section 17.2, the common name for ortho- 
dimethylbenzene is ortho-xylene. 


(c) When treated with chromic acid (a strong oxidizing 
agent), both benzylic positions are oxidized, giving the 
following diacid: 


COOH 
COOH 


17.24. 

(a) The parent is benzoic acid. An ethyl group is 
located at C4 (also called the para position), so the 
compound is 4-ethylbenzoic acid, (also called para- 
ethylbenzoic acid): 


(b) The parent is phenol. A bromine atom is located at 
C2 (also called the ortho position), so the compound is 
2-bromophenol, (also called ortho-bromophenol): 


OH 


1 Br 
2 


(c) The parent is phenol. A chlorine atom is located at 
C2 and a nitro group is located at C4, so the compound is 
2-chloro-4-nitrophenol: 


ON aa a 6 
Th 
OH 


(d) The parent is benzaldehyde. A bromine atom is 
located at C2 and a nitro group is located at C5 (as 
shown), so the compound is 2-bromo-5- 
nitrobenzaldehyde: 


ON 5 


(e) The parent is benzene. There are two substituents, 
both isopropyl groups, located at C1 and C4, so the 
compound is 1,4-diisopropylbenzene, (also called para- 
diisopropylbenzene): 
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17.25. 
(a) The parent is benzene, and there are two chlorine 
atoms that are ortho to each other (C1 and C2). 


cl 
1. cl 
2 


(b) As seen in Section 17.2, anisole is the common name 
for methoxybenzene: 
OCH; 


Q 


(c) The parent is toluene (methylbenzene), and there is a 
nitro group in the meta position (C3). 


> ~NO> 


(d) As seen in Section 17.2, aniline is the common name 


for aminobenzene: 
NH2 


(e) The parent is phenol (hydroxybenzene), and there are 
three bromine atoms, connected to positions C2, C4, and 


C6. 
OH 
C Br 
Br 


(f) As seen in Section 17.2, para-xylene is the common 
name for para-dimethylbenzene: 


O 


17.26. The molecular formula (C9H12) indicates four 
degrees of unsaturation (see Section 14.16), and the 
benzene ring accounts for all four degrees of 
unsaturation. The ring contains six carbon atoms, so the 
remaining three carbon atoms must be attached to the 
aromatic ring without any additional m bonds or rings. 
There are several ways to attach three carbon atoms to an 
aromatic ring without introducing any additional m bonds 
or rings. The carbon atoms can be attached as three 
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individual methyl groups, for which there are three 
unique constitutional isomers: 


1 1 1 
2 2 
3 5 3 
4 


or there can be one ethyl group and one methyl group, 
for which there are also three constitutional isomers: 


he 


Finally, all three carbon atoms can be connected to the 
ring as a single substituent, and there are two ways to 
accomplish that, as shown here: 


oy ao 


17.27. The molecular formula (CsHio) indicates four 
degrees of unsaturation (see Section 14.16), and the 
aromatic ring accounts for all four degrees of 
unsaturation. The ring contains six carbon atoms, so the 
remaining two carbon atoms must be attached to the 
aromatic ring without any additional z bonds or rings. 
There are several ways to attach two carbon atoms to an 
aromatic ring without introducing any additional m bonds 
or rings. The carbon atoms can be attached as two 
individual methyl groups, for which there are three 
unique constitutional isomers: 


or there can simply be one ethyl group: 


In total, we have seen four constitutional isomers. 


17.28. The molecular formula (CsHoCl) is similar to 
the molecular formula in the previous problem (CsH10), 
but one of the hydrogen atoms has been replaced with a 
chlorine atom. So, we begin our analysis by redrawing 
all four skeletons shown in the solution to the previous 
problem. In each case, we will draw a circle for the 
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aromatic ring, rather than drawing n bonds, as it will be 
easier to identify symmetry without being distracted by 


the arbitrary locations of the double bonds: 
ethylbenzene 


ortho- 
xylene 


meta- 


lene 
y para- 


xylene 


For each one of these skeletons, we must consider all of 
the unique locations where a chlorine atom can be 
placed. Let’s begin with the first skeleton (ortho-xylene), 
for which there are three unique locations where the 
chlorine atom can be placed: 


O-O O 


Placing the chlorine atom in any other location on this 
skeleton will result in one of the compounds above. For 
example: 


sav. 


Next, we consider the second skeleton (meta-xylene), for 
which there are four unique locations where the chlorine 
atom can be placed: 


ow ne 
v Y 


Next, we consider the third skeleton (para-xylene), for 
which there are only two unique locations where the 
chlorine atom can be placed: 


cl 


And finally, we consider the last skeleton 
(ethylbenzene), for which there are five unique locations 
where the chlorine atom can be placed: 

Cl 


Cl 


Cl 
In total, we have seen fourteen constitutional isomers. 
17.29. We begin by placing the first two nitro groups at 
positions C2 and C3: 


ON 2 A 
ON[ 3 


There are now three choices of where to place the third 
nitro group (C4, C5, or C6), giving rise to the following 
three constitutional isomers: 


O2N ON 
5 
ON A ON NO» 
NO> 
ON 6 LNO2 
ON 


We have now exhausted all possibilities in which the 
first two nitro groups occupy positions C2 and C3. Next, 
we place the first two nitro groups at C2 and C4: 
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There are now two choices of where to place the third 
nitro group (C5 or C6), giving rise to the following two 
constitutional isomers, although the second isomer is the 
one described in the problem statement (so we will not 
count that one): 


We do not count this isomer, 
as per the instructions 
in the problem statement 


We have now exhausted all possibilities in which the 
first two nitro groups occupy positions C2 and C4. Next, 
we place the first two nitro groups at C2 and CS: 


ON. 2 


5 
NO> 


This leaves only one option for the third nitro group 
(C6), and this isomer has already been drawn earlier: 


OXN. 2 6 -NO2 ON. 2 6 -NO2 


5 `NO2 ON” 3 

We have now considered all options for which the first 
nitro group is placed at C2. Now we continue our 
analysis by placing the first nitro group at C3. If we 
place the remaining two nitro groups at C4 and C5, then 
we obtain the following isomer: 


OoN~3 NZ DNO; 
NO; 


Any other arrangement of nitro groups will be identical 
to one of the arrangements already drawn. For example: 
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6e NOz ON. 2 
DŽ NO2 ON” 3G 
NO2 NO2 


In summary, the following five isomers are consistent 


with the requirements described in the problem 
statement: 
ON ON i 
ON O2N NO, 
NO2 2,3,5- 
2,3,4- trinitrotoluene 
trinitrotoluene 
O2N NO> 
ON 
2,3,6- 
trinitrotoluene 
ON 
NO2 ON NO» 
NO2 NO2 
2,4,5- 3,4,5- 


trinitrotoluene trinitrotoluene 
17.30. 

(a) Each m bond counts as two z electrons, and the lone 
pair also counts as two 7 electrons, giving a total of ten z 
electrons. 


(b) Each x bond counts as two m electrons. In addition, 
one of the lone pairs on the sulfur atom is participating in 
resonance (it occupies a p orbital and is delocalized) and 
therefore contributes two more r electrons. This gives a 
total of six n electrons. 


(c) Each x bond counts as two a electrons, giving a total 
of ten 7 electrons. 


(d) Each xz bond counts as two r electrons, giving a total 
of four v electrons. The lone pair on the nitrogen atom 
does not occupy a p orbital, because the nitrogen atom is 
already using a p orbital to form a n bond. The lone pair 
occupies an sp* hybridized orbital and does not 
contribute any v electrons. 


(e) Each x bond counts as two m electrons, giving a total 
of six m electrons. The carbocation represents an empty 
p orbital and does not contribute any x electrons. 
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17.31. The terms used in reference to cyclohexane were 
discussed in Chapter 4, while the terms used in reference 
to benzene were discussed in Chapter 17. 

(a) The term meta refers to a 1,3-disubstituted benzene 
ring. 

(b) A Frost circle is used to draw an energy diagram 
showing the relative energy levels of the MOs associated 
with a ring comprised of a continuous conjugated 1 
system, such as benzene. 

(c) All six carbon atoms in benzene are sp” hybridized, 
with trigonal planar geometry. 

(d) A chair conformation is one of the conformations 
that a cyclohexane ring can adopt. Benzene is flat and 
does not adopt the conformations that are accessible to 
cyclohexane. 

(e) The term ortho refers to a 1,2-disubstituted benzene 
ring. 

(f) All six carbon atoms in cyclohexane are sp? 
hybridized, with tetrahedral geometry. 

(g) Benzene is resonance stabilized (while cyclohexane 
possesses no 7 electrons, and therefore has no resonance 
structures). 

(h) Benzene has x electrons, while cyclohexane does not. 
(i) The term para refers to a 1,4-disubstituted benzene 
ring. 

(j) Cyclohexane undergoes a conformational change 
called ring flipping. In contrast, benzene is planar and 
does not undergo ring flipping. 

(k) A boat conformation is one of the conformations that 
a cyclohexane ring can adopt. Benzene is flat and does 
not adopt the conformations that are accessible to 
cyclohexane. 


17.32. 

(a) Each of the rings is comprised of a continuous system 
of overlapping p orbitals with a total of six m electrons. 
As such, each ring is aromatic. The compound would be 
aromatic if either ring alone were aromatic. This 
compound is most certainly aromatic. Notice that, in 
determining aromaticity, each ring is considered 
individually. 

(b) As described in Section 17.5, the hydrogen atoms 
positioned inside the ring experience a steric interaction 
that forces this compound, called [10]annulene, out of 
planarity. Since the molecule cannot adopt a planar 
conformation, the p orbtials cannot continuously overlap 
with each other to form one system, and as a result, 
[10]annulene does not meet the criteria for aromaticity. 
It is not aromatic. 

(c) In order for this five-membered ring to exhibit a 
continuous system of overlapping p orbitals, each 
oxygen atom would have to be sp? hybridized (thereby 
placing a lone pair in a p orbital). If this were in fact to 
be the case, the ring would have eight x electrons (two m 
electrons for the x bond and two 7m electrons for each 
lone pair that occupies a p orbital). This would make the 
ring antiaromatic. Therefore, not all of the oxygen atoms 
will adopt sp? hybridization. At least one of them will 
adopt sp? hybridization to avoid antiaromaticity. As 
such, the compound does not have a continuous system 
of p orbitals, and is therefore not aromatic. 


(d) One of the lone pairs on the oxygen atom occupies a 
p orbital, thereby rendering the compound aromatic (six 
m electrons). The lone pair on the nitrogen atom 
occupies an sp’ hybridized orbital that is in the plane of 
the ring (because the nitrogen atom is already using a p 
orbital to establish aromaticity). 

(e) One of the carbon atoms in the ring is sp? hybridized 


(highlighted): 
© 


So the structure does not possess a continuous system of 
overlapping p orbitals. Therefore, it is not aromatic. 


17.33. 
(a) The six-membered ring is aromatic because it is 
comprised of a continuous system of overlapping p 


orbitals with six 7 electrons: 
(®) 


HO s N OH 
KI 4 
N S 


In addition, the adjacent five-membered ring is also 


aromatic: 
(0) 


HO s N OH 
N 


In this five-membered ring, one of the lone pairs on the 
sulfur atom occupies a p orbital, thereby rendering the 
ring aromatic (six zm electrons). The lone pair on the 
nitrogen atom occupies an sp? hybridized orbital that is 
in the plane of the ring (because the nitrogen atom is 
already using a p orbital to establish aromaticity). 

The other five-membered ring (not highlighted above) is 
not aromatic because the ring contains sp’ hybridized 
atoms and is therefore not a continuous system of 
overlapping p orbitals: 


(b) Many of the lone pairs are delocalized by resonance 
(one lone pair on each of the sulfur atoms, as well as one 
lone pair on each of the OH groups). However, only one 
of these lone pairs (on the atom highlighted below) is 
participating in establishing aromaticity, as explained in 
the solution to part (a): 

O 


HO S N OH 
{r p / 
N S 
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17.34, 

(a) If the oxygen atom adopts sp? hybridization so that 
the lone can occupy a p orbital (to give a continuous 
system of overlapping p orbitals), then there would be a 
total of eight n electrons (six 7 electrons from the double 
bonds and two m electrons from the lone pair that 
occupies a p orbital). This compound would therefore be 
antiaromatic and extremely high in energy. To avoid the 
huge energy cost associated with antiaromaticity, the 
oxygen atom likely adopts sp? hybridization, so that the 
lone pair occupies an sp? hybridized orbital. This 
hybridization state destroys the continuous system of 
overlapping p orbitals, rendering the compound 
nonaromatic. As such, the lone pairs on the oxygen atom 
are expected to be localized (to avoid anti-aromaticity). 


(b) If the nitrogen atom adopts sp? hybridization so that 
the lone can occupy a p orbital (to give a continuous 
system of overlapping p orbitals), then there would be a 
total of eight x electrons (six 7 electrons from the double 
bonds and two m electrons from the lone pair that 
occupies a p orbital). This compound would therefore be 
antiaromatic and extremely high in energy. To avoid the 
huge energy cost associated with antiaromaticity, the 
nitrogen atom likely adopts sp? hybridization, so that the 
lone pair occupies an sp? hybridized orbital. This 
hybridization state destroys the continuous system of 
overlapping p orbitals, rendering the compound 
nonaromatic. As such, the lone pair on the nitrogen atom 
is expected to be localized (to avoid anti-aromaticity). 


(c) Aromatic. One of the lone pairs of the sulfur atom 
occupies a p orbital, thereby establishing a continuous 
system of overlapping p orbitals, containing six m 
electrons. The lone pair on the nitrogen atom occupies 
an sp* hybridized orbital that is in the plane of the ring 
(because the nitrogen atom is already using a p orbital to 
establish aromaticity). 


(d) This compound is aromatic, much like benzene. 
Each nitrogen possesses a lone pair that occupies an sp* 
hybridized orbital (they do not participate in establishing 
aromaticity). 


(e) The ring is aromatic because it is comprised of a 
continuous system of overlapping p orbitals with six 1 
electrons, just like benzene. 


(f) The nitrogen atom does not have a p orbital, so there 
is not a continuous system of overlapping p orbitals. 
Therefore, this structure is not aromatic. 


(g) The lone pair of the oxygen atom occupies a p 
orbital, thereby establishing a continuous system of 
overlapping p orbitals, containing six n electrons. 
Therefore, this structure is aromatic. 


(h) Each of the nitrogen atoms possesses a lone pair. If 
each of these nitrogen atoms adopts sp? hybridization so 
that each lone pair can occupy a p orbital, then there 
would be a continuous system of overlapping p orbitals, 
with a total of six m electrons (two x electrons from the 
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double bond, and then two more m electrons from each 
lone pair that occupies a p orbital). Therefore, this 
compound is expected to exhibit aromatic stabilization. 


17.35. 

(a) The following compound is expected to undergo an 
Sn1 reaction most readily, because loss of the leaving 
group generates an aromatic cation, as shown: 


ao <' E cP Z NO 
OL Uz OL Z 
aromatic 


This cation is aromatic because the oxygen atom can 
adopt sp” hybridization, thereby placing a lone pair in a p 
orbital. The positive charge represents an empty p 
orbital, so there is a continuous system of overlapping p 
orbitals. Each x bond contributes two m electrons, and 
the oxygen atom contributes two more n electrons, for a 
total of six n electrons. 


(b) The following compound is expected to undergo an 
Snl reaction least readily, because loss of the leaving 
group generates an antiaromatic cation. 


Oye -CI 


17.36. The following compound is the most acidic 


from among the group, 


because deprotonation of this compound generates an 
aromatic ion (a continuous system of overlapping p 
orbitals containing six 7 electrons). 


a 


17.37. The second compound is a stronger base, 
because the lone pair on the nitrogen atom is localized 
and available to function as a base. In contrast, the 
nitrogen atom in the first compound is delocalized and is 
participating in aromaticity. This lone pair is unavailable 
to function as a base, because that would destroy 
aromaticity. 


antiaromatic 


17.38. In order to draw a Frost circle, we begin by 
drawing a circle, and then we place a pentagon inside the 
circle, with all five corners touching the circle, such that 
one of the corners points to the bottom of the circle, as 
shown here: 
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Each position where a corner touches the circle 
represents the relative energy level of a molecular 
orbital. If we draw a horizontal line through the center 
of the circle, we see that there are three MOs in the 
bottom half of the circle, and two MOs in the top half. 
The former represent the bonding MOs, while the latter 
represent the antibonding MOs. With three bonding 
MOs, we expect that six a electrons are required in order 
to achieve aromaticity. This cation only has four m 
electrons. Two of them occupy the lowest energy MO 
(at the bottom of the circle), but the remaining are split 
between the two degenerate bonding MOs. As such, this 
system is not a closed-shell electron configuration, 
giving rise to instability. 


Energy | en 


17.39. Cyclopentadiene is more acidic because its 
conjugate base is highly stabilized. Deprotonation of 
cyclopentadiene generates an anion that is aromatic, 
because it is a continuous system of overlapping p 
orbitals containing six m electrons. In contrast, 
deprotonation of cycloheptatriene gives an anion with 
eight m electrons, expected to be highly unstable 


(antiaromatic). 
ọ 2 
more stable 
17.40. Yes. The lone pairs on the nitrogen atoms do 


not contribute to aromaticity. They occupy sp’ 
hybridized orbitals. One of the lone pairs on the oxygen 
atom (in the ring) occupies a p orbital, giving a 
continuous system of overlapping p orbitals containing 
six 7 electrons (two m electrons from each double bond, 
as well as two more 7 electrons from the lone pair that 
occupies a p orbital). 


17.41. Benzene does not have three C-C single bond 
and three C-C double bonds. In fact, all six C-C bonds 
of the ring have the same bond order and are the same 
length. However, cyclooctatetraene has four isolated m 
bonds. The molecule adopts a tub shape to avoid 
antiaromaticity. Some of the C-C bonds are double 
bonds (shorter in length), and some of the C-C bonds are 
single bonds (longer in length). Therefore, the two 
methyl groups can either be separated by a C-C single 
bond or a C=C double bond. And those two 
possibilities represent different compounds. 


17.42. 

(a) The starting material has a benzylic proton, so 
treatment with NBS is expected to result in bromination 
at the benzylic position to give the following product. 


i al 
heat or light Br 


(b) The starting material has a benzylic proton, so 
treatment with chromic acid is expected to result in 
oxidation of the benzylic position. Note that only the 
benzylic carbon atom survives, while the other carbon 
atoms of the alkyl substituent are removed (characteristic 
of oxidation reactions at benzylic positions). 


OK ES OOK 
OH 
(c) The starting material is an alcohol in which the OH 


group occupies a benzylic position. Upon treatment with 
sulfuric acid, we expect an El process to form a 
[5o 


conjugated n bond, as shown: 
HO 
TO i heat 


(d) The starting material is a secondary, benzylic 
bromide. Upon treatment with a strong base, such as 
ethoxide, we expect an E2 process to form a conjugated 
mt bond, as shown: 


Br 
cry NaOEt cre 
— 


17.43. 

(a) A monosubstituted aromatic ring is expected to 
produce four signals in the region between 100 and 150 
ppm in the C NMR spectrum. In addition, the 
isopropyl group is expected to produce two signals 
(because the methyl groups are equivalent) in the region 
between 0 and 50 ppm. In total, we expect six signals in 
the BC NMR spectrum. 


Na2Cr207 


H2504 , H2O 


(b) A para-disubstituted aromatic ring (where the two 
substituents are different from each other) is expected to 
produce four signals in the region between 100 and 150 
ppm in the C NMR spectrum. In addition, the methyl 
group is expected to produce one more signal in the 
region between 0 and 50 ppm. In total, we expect five 
signals in the C NMR spectrum. 


(c) The aromatic ring is 1,3,5-trisubstituted, and all three 
substituents are identical (methyl groups). Because of 
symmetry, there are only two unique kinds of aromatic 
carbon atoms, giving rise to two signals in the region 
between 100 and 150 ppm in the C NMR spectrum. In 
addition, the three methyl groups are all equivalent and 
will collectively give rise to one signal in the region 
between 0 and 50 ppm. In total, we expect three signals 
in the 3C NMR spectrum. 
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(d) The aromatic ring is 1,2,4-trisubstituted, and it lacks 
the symmetry necessary to render any of the carbon 
atoms identical. All six carbon atoms of the ring occupy 
unique environments, and similarly, all three methyl 
groups also occupy unique environments. We therefore 
17.44, 


CHAPTER 17 623 


expect six signals in the region between 100 and 150 
ppm, and we expect three more signals in the region 
between 0 and 50 ppm, for a total of nine signals in the 
13C NMR spectrum. 


The reagents indicate a Birch reduction, which is believed to occur via a four-step mechanism (as seen in 


Mechanism 17.1). In the first step, an electron is transferred to the aromatic ring, generating a radical anion, which is 
then protonated (with methanol functioning as the proton source). Another electron transfer process, followed by a 
proton transfer, results in the formation of 1,2,4,5-tetramethyl-1,4-cyclohexadiene, as shown. Notice that the four 
positions bearing the electron-donating alkyl groups are not reduced. The two positions without electron-donating 


substituents are reduced. 


17.45. The reagents indicate a Birch reduction, and 
meta-xylene is expected to undergo a Birch reduction to 
produce a compound that will exhibit five signals in its 
3C NMR spectrum. The five unique carbon atoms are 
highlighted in the product: 


TC aS Na, = XY 


The answer cannot be ortho-xylene, because a Birch 
reduction of ortho-xylene would produce a compound 
that exhibits only four signals in its 3°C NMR spectrum: 


And the answer cannot be para-xylene, because a Birch 
reduction of para-xylene produces a compound that also 
exhibits only four signals in its C NMR spectrum: 


/ \ Na, = \ 


17.46. 
(a) The first compound would lack C-H stretching 
signals just above 3000 cm, while the second 


compound will have C-H stretching signals just above 
3000 cm". 

(b) The 'H NMR spectrum of the first compound will 
have only one signal, while the 'H NMR spectrum of the 
second compound will have two signals. 

(c) The C NMR spectrum of the first compound will 
have only two signals, while the 5C NMR spectrum of 
the second compound will have three signals. 


17.47. When either compound is deprotonated, an 
aromatic anion is generated, which can be drawn with 
five resonance structures. The resulting anion is the 


same in either case: 
R R 
ARY 
KJ 


i 
md | 
d — C> 


17.48. In cycloheptatrienone, the significant resonance 
structures with C* and O contribute significant 
character to the overall resonance hybrid, because these 
forms are aromatic: 
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6-@-G- 


aromatic aromatic 
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Therefore, the oxygen atom of this C=O bond is 
particularly electron rich. A similar analysis of 
cyclopentadienone reveals resonance structures with 
antiaromatic character: 


© © 
O O O 
Z 
— m o << m `j -«— etc. 
\_Y Ne 
antiaromatic antiaromatic 
These resonance structures contribute very little 


character to the overall resonance hybrid, and as a result, 
the oxygen atom of this C=O bond is less electron rich as 
compared with most C=O bonds. 


17.49. 
(a) Each of the rings in the following resonance structure 


is aromatic. 
3 2 


a 


Therefore, this resonance structure contributes 
significant character to the overall resonance hybrid, 
which gives azulene a considerable dipole moment. 


(b) The following compound has resonance structures in 
which both rings are aromatic, as shown here: 


-BA 


aromatic aromatic 
Therefore, this compound will have a significant dipole 
moment. 
In contrast, the other compound does not have resonance 
structures in which both rings are aromatic, and is not 
expected to exhibit a dipole moment. 


17.50. There are two questions to ask when approaching 
a synthesis problem. 


1) Is there a change in the carbon skeleton? 
2) Is there a change in the position or identity of the 
functional groups? 
In this case, there is a change in the carbon skeleton. 
The product has two more carbon atoms than the starting 
material: 


1 
— 
Also, a functional group (a n bond) must be installed. 
Let’s begin with the change in the carbon skeleton. In 
order to increase the size of the carbon skeleton, we must 
form a C-C bond. A Grignard reaction will allow us to 
form the critical C-C bond, and the resulting alcohol can 


then be converted into the desired alkene via an El 
process, as shown below. 


on 1) Mg 
2) CH3CHO 


3) H20 
4) conc. HzSOxg, 


1) gn heat 
Lit 


3) H20 


17.51. In acidic conditions, the OH group is 
protonated, thereby generating a better leaving group 
(H20). Loss of the leaving group generates a tertiary 
carbocation, which can rearrange via a hydride shift to 
generate a resonance-stabilized benzylic carbocation. 
This benzylic carbocation is then captured by a chloride 
ion (generated in the first step of the mechanism) to give 
the product, as shown. 


( Cl 
Nei: 


Wih “O 

pe ja 
Ji 
‘do 
lw. 

H ®© 


f benzylic 
carbocation 

(©) 

H 

tertiary carbocation 


17.52. The molecular formula (C9H1002) indicates five 
degrees of unsaturation (see Section 14.16), which is 
strongly suggestive of an aromatic ring, as well as one 
additional double bond or ring. The signal just above 
3000 cm“! in the IR spectrum confirms the aromatic ring, 
as does the signal just above 1600 cm!. The 'H NMR 
spectrum exhibits two doublets between 6.9 and 7.9 
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ppm, each with an integration of 2. This is the 
characteristic pattern of a disubstituted aromatic ring, in 
which the two substituents are different from each other: 


H H 
x Y 


H H 


The singlet at 3.9 ppm (with an integration of 3) 
represents a methyl group. The chemical shift is 
downfield from the expected benchmark value of 0.9 
ppm for a methyl group, indicating that it is likely next to 
an oxygen atom: 


$— OCH 


The singlet at 2.6 ppm (with an integration of 3) 
represents an isolated methyl group. The chemical shift 
of this signal suggests that the methyl group is 
neighboring a carbonyl group: 


O 


wo 


The carbonyl group accounts for one degree of 
unsaturation, and together with the aromatic ring, this 
would account for all five degrees of unsaturation. The 
presence of a carbonyl group is also confirmed by the 
signal at 196.6 ppm in the 3C NMR spectrum. 

We have uncovered three pieces, which can only be 


connected in one way, as shown: 
H 


lef 


This structure is consistent with the C NMR data: four 
signals for the sp? hybridized carbon atoms of the 
aromatic ring, and two signals for the sp? hybridized 
carbon atoms (one of which is above 50 ppm because it 
is next to an oxygen atom). 

Also notice that the carbonyl group is conjugated to the 
aromatic ring, which explains why the signal for the 
C=O bond in the IR spectrum appears at 1676 cm“, 
rather than 1720 cm". 


O 


Haco—$ ; 


o. 


17.53. 

(a) If we functionalize the benzylic position (via 
bromination), the product can be obtained in just one 
more step, via a Williamson ether synthesis, as shown: 
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os o Nn 
NBS, heat oe Br NaOEt 


(b) This transformation requires that we move the 
position of the OH group. This was a strategy that was 
covered in Chapter 11. Specifically, we saw that the 
location of an OH group can be moved via elimination 
followed by addition. The first step is to convert the 
alcohol into an alkene via acid-catalyzed dehydration 
(El). Then, hydroboration-oxidation will convert the 
alkene into the desired alcohol, via an anti-Markovnikov 
addition of H and OH across the r bond: 


1) NBS, heat 
— > 


2) NaOEt 


OH 
1) conc. H2804, OH 
heat 
2) BH3 + THF 
3) H203, NaOH 
conc. H2SO, 1) BH3* THF 
heat 2) H202, NaOH 


(c) The carbon skeleton is getting larger, so we must 
form a C-C bond. In addition, we must install a triple 
bond. Both of these goals can be achieved via 
bromination at the benzylic position, followed by an Sn2 
reaction in which an acetylide ion is used as the 
nucleophile, as shown: 


NBS, heat 
D HC=CNa 


17.54. The molecular formula (C11H14O2) indicates five 
degrees of unsaturation (see Section 14.16), which is 
highly suggestive of an aromatic ring, as well as either 
one double bond or one ring. 

In the 'H NMR spectrum, the signals near 7 ppm are 
likely a result of aromatic protons. Notice that the 
combined integration of these two signals is 4H. This, 
together with the distinctive splitting pattern (a pair of 
doublets), suggests a 1,4-disubstituted aromatic ring, in 
which the two substituents are different: 


1) NBS, heat 
2)HC=CNa HC=CNa 


M 
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The spectrum also exhibits a singlet with an integration 
of 9H (at approximately 1.4 ppm) which is characteristic 


of a tert-butyl group. 


The 'H NMR spectrum has only one other signal, very 
far downfield, characteristic of a carboxylic acid: 


O 


Aon 


The presence of a carboxylic acid group is confirmed by 
the IR spectrum, which has a broad signal between 2200 
and 3600 cm!. The carboxylic acid group also accounts 
for one degree of unsaturation, and together with the 
aromatic ring, they collectively account for all five 
degrees of unsaturation. 

We have uncovered three fragments, which account for 
all of the atoms in the molecular formula. These three 
fragments can only be connected in one way, as shown: 


The C NMR spectrum confirms this structure. The 
signal at 172.6 ppm corresponds to the carbon atom of 
the carbonyl group. The next four signals on the 
spectrum (above 100 ppm) are characteristic of a 
disubstituted aromatic ring, and finally, there are two 
signals between 0 and 50 ppm for the tert-butyl group 
(all three methyl groups are equivalent and give one 
signal, in addition to the signal from the benzylic carbon 
atom). 


17.55. The molecular formula (CoH100) indicates five 
degrees of unsaturation (see Section 14.16), which is 
highly suggestive of an aromatic ring, as well as either 
one double bond or one ring. 


In the 'Hd NMR spectrum, the multiplet near 7 ppm is 
likely a result of aromatic protons. The integration of 
this multiplet is 5H, indicating a monosubstituted 
aromatic ring: 


H H 


H H 


The spectrum also exhibits two triplets (near 3 ppm), 
indicating two methylene groups connected to each 
other: 


Each of these signals appears more downfield than we 
might expect for a methylene group (1.2 ppm), so each 
of these methylene groups must be connected to a group 
that causes a deshielding effect. This must be taken into 
account in our final structure. 
The singlet near 10 ppm is characteristic of an aldehyde 
group: 

(0) 


7a 


We have uncovered three fragments, which account for 
all of the atoms in the molecular formula. These three 
fragments can only be connected in one way, as shown: 


H 


N H E 


Notice that the structure explains why the two triplets 
appear downfield. One is shifted downfield primarily as 
a result of its proximity to the carbonyl group, while the 
other is shifted primarily as a result of its proximity to 
the aromatic ring. 

The '3C NMR spectrum confirms the structure above. 
The signal near 200 ppm corresponds to the carbon atom 
of the carbonyl group. The next four signals on the 
spectrum (above 100 ppm) are characteristic of a 
monosubstituted aromatic ring, and finally, there are two 
signals between 0 and 50 ppm for the methylene groups. 
In addition, the IR spectrum also confirms this structure. 
The strong signal just above 1700 cm" corresponds with 
the C=O bond, and the signals between 3000 and 3100 
cm! correspond with the aromatic ring. Curiously, there 
is a signal between 3200 and 3600 which is reminiscent 
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of an O-H signal, although a bit weaker than normal (the 
signal for an OH group is typically much stronger). This 
is perhaps due to some concentration of the tautomeric 
enol that is present at equilibrium (which exhibits an OH 


group). 


17.56. 

(a) The second compound holds greater promise as a 
potential antihistamine, because it possesses two planar 
aromatic rings separated from each other by one carbon 
atom. The first compound has only one aromatic ring. 
The ring with the oxygen atom is not aromatic and not 
planar. 

(b) Yes, because it lacks polar functional groups that 
would prevent it from crossing the blood-brain barrier, as 
described in the Medically Speaking application (that 
appears at the end of Section 17.5). 


17.57. No, this compound possesses an allene group 
(C=C=C). The p orbitals of one C=C bond of the allene 
group do not overlap with the p orbitals of the other C=C 
bond. This prevents the compound from having one 
continuous system of overlapping p orbitals. 


17.58. The molecular formula (CsHi0) indicates four 
degrees of unsaturation (see Section 14.16), consistent 
with an aromatic ring. The 'H NMR spectrum of 
compound A has a multiplet near 7 ppm with an 
integration of 5H, indicating a monosubstituted aromatic 
ring: 


The aromatic ring accounts for six of the eight carbon 
atoms in the structure. If the ring is monosubstituted, 
then the other two carbon atoms must be an ethyl group, 
which is consistent with the two upfield signals in the 'H 


NMR spectrum: 


Compound A 


Compound B is a constitutional isomer of A and exhibits 
four signals in its C NMR spectrum, which is 
consistent with ortho-xylene (meta-xylene would 
produce five signals, while para-xylene would produce 
three signals in its C NMR spectrum): 


Compound B 
Compound C is a constitutional isomer of A and B, and 
it exhibits three signals in its C NMR spectrum, which 
is consistent with para-xylene. Compound D is a 
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constitutional isomer of A, B, and C, and it must be 
meta-xylene: 


JOf 


Compound C Compound D 

17.59. The lone pair on the nitrogen atom in compound 
A is localized and is not participating in resonance. It is 
free to function as a base. The lone pair on the nitrogen 
atom in compound B is delocalized, allowing the 


compound to achieve aromatic stabilization via 
resonance: 

AYAR A 

i. @// 


aromatic 


In compound B, the lone pair on the nitrogen atom is 
participating in establishing aromaticity, and therefore, it 
is not available to function as a base. 


17.60. There are two questions to ask when approaching 
a synthesis problem. 


1) Is there a change in the carbon skeleton? 
2) Is there a change in the position or identity of the 
functional groups? 


In this case, there is a change in the carbon skeleton. 
The product has one less carbon atom than the starting 
material: 


This carbon atom 
must be removed 


Also, a functional group (a C=O bond) must be installed, 
and the aromatic ring must be reduced to a diene. 

Let’s begin with the change in the carbon skeleton. We 
have only learned one way (ozonolysis) to remove a 
carbon atom from the carbon skeleton. Ozonolysis 
would indeed install the necessary functional group in 
the correct location: 


O 
1) O3 


——_ 
2) DMS 


And the ketone above can be treated with Birch 
conditions to give the desired product: 
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This can be accomplished via bromination of the 


(0) (0) 
benzylic position, followed by elimination (E2) upon 
Na, CHOH treatment with a strong base (such as sodium ethoxide). 
NH3 > The entire synthesis is summarized here: 


l , , , 1) NBS, heat O 
Notice that the regiochemical outcome of the Birch 
mae: =“ 2) NaOEt 
reduction is controlled by the carbonyl group, giving the £ 
desired product. 3) O3 


The strategy above requires that we first form the alkene 4) DMS 
from the starting material: 
8 5) Na, NH3 Na, NH3 


o 
heat CH30H CHOH 
Br O 
\? / oe on 
o 1) O3 
NaOEt 2) DMS 
— 


17.61. The following retrosynthetic analysis (and subsequent explanation) represents one strategy for preparing the 
desired compound from the given starting materials (acetylene and toluene): 


Br c 
On. SO ECs 
e 


O 


a 


| 


|e 
Y=. 0s 


a. The cis epoxide can be made from the corresponding cis alkene, via epoxidation with a peroxy acid. 

b. The cis alkene can be made from the corresponding alkyne, via a syn addition of molecular hydrogen 
(H2) in the presence of a poisoned catalyst, such as Lindlar’s catalyst. 

c. The internal alkyne can be made from a terminal alkyne and benzyl bromide. The terminal alkyne is 
first deprotonated to give an alkynide ion, which is then treated with benzyl bromide (in an Sn2 
reaction). 

d. The terminal alkyne can be made from acetylene and benzyl bromide. Acetylene is first deprotonated to 
give an acetylide ion, which is then treated with benzyl bromide (in an Sn2 reaction). 

e. Benzyl bromide can be made from toluene via radical bromination at the benzylic position. 
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The forward process is shown here: 


1) NaNH 
NBS Br = = ) NaNH2 
heat HC=CNa z O Br 
NaNH3 / 
HC=CH 
Cys CJ 
OND ONO «a 


ee s 
17.62. 


(a) Each of the double bonds and triple bonds contributes two r electrons, and each of the unpaired electrons counts as 


one electron. This gives a total of 14 7 electrons, so the large ring in B is aromatic. 
(b) Each of the negative charges is delocalized over three positions, as seen in the following three resonance structures: 


re zN SKJ CÀ Ns NY 
“c o C7 S¢ c7 Nc om 
pe os Ba 
Z A 
XL `D- D OC 5 
SF S SF 
ee a ee 


(c) Each of the unpaired electrons is highly delocalized, as seen in the following resonance structures: 


17.63. The nitrogen atom incorporated in the ring in 
compound 2 (highlighted below) possesses a double 
bond and is clearly sp? hybridized. 
© Ñi 
yzN=N 


ha LN) sp? hybridized 


So, we must determine the hybridization state of the 
same nitrogen atom in compound 1. This requires that 
we determine whether the tetrazole ring is aromatic. 
That is, the lone pair on the nitrogen atom will occupy a 
p orbital (rendering the nitrogen atom sp” hybridized) if 
doing so establishes aromaticity. However, if doing so 
establishes antiaromaticity, then the nitrogen atom would 
adopt sp’ hybridization to avoid antiaromaticity. 
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To determine if the tetrazole ring is aromatic, we count isomerization process. It is sp* hybridized in both 
constitutional isomers. 


the z electrons. The atoms highlighted below contribute 


2 x electrons 


a total of four m electrons (two for each m bond). 
17.64. 
(a) If planar, the cyclooctatetraene ring would be 
antiaromatic (4n a electrons, where n = 2). It instead 


N— 2 2 electrons adopts a more stable tub conformation that is non-planar, 
N thus avoiding the energetic cost of antiaromaticity. The 
tub conformation allows all four cyano groups to be 
oriented approximately in the same direction such that 
The lone pairs on those atoms must reside in sp* they can coordinate to a single Mg™ ion as shown. 


hybridized orbitals (rather than p orbitals) in the plane of 
the ring, and cannot contribute to aromaticity: Mg” 
N i k E 
aaa WN A 
noN Cl C wy, 
/ 2 C C 
S 
The lone pair on the remaining nitrogen atom therefore Ve 
occupies a p orbital, giving a total of 6 n electrons. 
(b) The four nitriles on 1,2,4,5-tetracyanobenzene are 


oriented away from each other due to benzene’s planar 


2 7 electrons NG 
yy (aromatic) structure. Due to this, the four cyano groups 
Q A <= 2 electrons cannot be simultaneously coordinated to the same Mg” 
ion. 
gs Ñ 
2 7 electrons š 4 
Na ZN 
With a Hiickel number of 7 electrons, the tetrazole ring 9 = 
is indeed aromatic, and as such, this nitrogen atom is sp” 
Therefore, this nitrogen atom does not c c 
Zz > 
N? SN. 


hybridized. 
undergo a change in hybridization state during the 


17.65. 
(a) Consider the three resonance structures for naphthalene, and focus in particular on the C1-C2 bond and the C2-C3 


1 1 1 
2 2 2 
= Ci) 
3 3 3 


Notice that the C1-C2 bond is a double bond in two of the three resonance structures, while the C2-C3 bond is a double 
bond in only one of the resonance structures. As such, the former has more double-bond character than the latter, so 
the C1-C2 bond will have a shorter bond length. Recall that double bonds are shorter than single bonds (see Table 1.2). 


bond: 


(b) Begin by drawing all of the resonance structures: 
i 9 10 9 10 9 10 ~] 
= = 
9 10 9 10 
= 
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Notice that the C9-C10 bond is a double bond in four of the five resonance structures. No other bond in phenanthrene 
has this feature. As such, the C9-C10 bond is expected to have the most double-bond character, and consequently, the 
shortest bond length. 


(c) In part (b), we determined that the C9-C10 bond has the most double-bond character, and in fact, this bond 
functions very much like a regular a bond. It will undergo addition with Br to give a dibromide which retains 
aromaticity on two of the rings: 


17.66. 

(a) We know that tert-butyl groups are sterically bulky, so it is reasonable to suggest that the presence of three tert- 
butyl groups provides enough steric hindrance to slow the rate of the Diels-Alder process substantially, allowing the 
compound to be stable at room temperature. 

(b) With these particular substituents, it is possible to draw resonance structures in which the double bonds are not 
positioned inside the ring, thereby diminishing the destabilizing effect of antiaromaticity. 


Et 
@/ 
Et—N OEt 
=< > etc. 
Eto n-Et 

I 
O Et 

© 


(c) Unlike systems with 4n m electrons, which exhibit destabilization associated with antiaromaticity, systems with 
4n+2 1 electrons exhibit aromatic stabilization. For these systems, the presence of resonance structures that diminish 
the aromatic stabilization will have a destabilizing effect. 


17.67. In structure (a), the nitrogen atom has four -Bre 
sigma bonds, so it must be sp? hybridized. It does not Br ———> @ 
have a p orbital, so the ring is NOT a continuous system Us 


of overlapping p orbitals. Therefore, structure (a) is 


nonaromatic. Structures (b), (c), and (d) are all aromatic. Aromatic 


carbocation intermediate 


Structure (c) is also expected to undergo an Sn] reaction, 
because the intermediate carbocation is tertiary and 
allylic (twice), so it is highly stabilized as well: 


2 -Br® 
sa oe 


CBr -Br ® i i 
yj Tertiary allylic 
carbocation intermediate 


17.68. Structure (a) is a tertiary benzylic bromide, and 
it is therefore expected to undergo an Snl reaction in 
ethanol, because the intermediate carbocation is highly 
stabilized: 


Tertiary benzylic . . 
carbocation intermediate Only structure (d) gives an unstable carbocation upon 
loss of a leaving group: 
Similarly, structure (b) is also expected to undergo an © 
Snl reaction, because the intermediate carbocation is =Br 
. i : a Bs ————> © 
aromatic and therefore highly stabilized: Y 


Antiaromatic 
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This cation is unstable because it is antiaromatic. 
Therefore, structure (d) is not expected to undergo an 
Snl reaction. The answer is (d). 


17.69. In the first step, one equivalent of NBS will 
install one Br (not two) at the benzylic position: 


ce 


Br 


NBS (one equiv.) 
a aoe 


heat 


The resulting secondary benzylic halide is expected to 
undergo an E2 reaction upon treatment with a strong, 
sterically hindered base, giving structure (b). 


ce 


Br 


t-BuOK 


17.70. In Chapter 15, we learned about magnetic anisotropy, and how aromatic ring currents have a shielding effect on 
substituents located at the interior of large aromatic rings. The starting material has an aromatic [14]Jannulene ring, 
which causes the two methyl groups to be shielded from the external magnetic field (even more so than the protons in 
TMS), hence their chemical shift of —3.9 ppm. When treated with a base, deprotonation occurs to generate a new 
aromatic system - notice that the five-membered ring now has 6 7 electrons: 


t-Bu 


‘tBu tBu ! 


14 x electrons = aromatic 


© 6 x electrons = aromatic 
3 


t-Bu 


The aromatic stabilization associated with the five membered ring will cause the following highlighted m electrons 
(fused to the [14]annulene system) to be less available to the larger ring for conjugation, therefore resulting in a 


diminished ring current: 


t-Bu 


t-Bu 


As a result, the local magnetic field established by the [14]annulene system opposes the external magnetic less 
significantly, causing the methyl groups to become less shielded. Being less shielded is equivalent to being more 
deshielded, so the signals for the methyl protons are shifted slightly downfield from —3.9 ppm to —1.8 ppm. 


17.71. First, let’s consider the relative basicity of each 
nitrogen atom in the structure. 


Nb d 
\ 4 0 
NH 
Br 
we H ao N 2 
G i NH2 


(a) The lone pair on this nitrogen atom occupies a p- 
orbital, thereby including the central ring in the aromatic 
stabilization of this compound. Protonation of this 
nitrogen is thus unlikely, as it would disrupt this 


extended aromatic system. Each of the two six- 
membered rings of the product below is still aromatic, 
but the extended aromatic system would be lost. 


Extended aromatic system 


(b) The lone pair on this nitrogen atom occupies an sp? 
hybridized orbital that is orthogonal to the conjugated n 
system of the ring. Protonation of this nitrogen is thus 
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reasonable, as the extended aromaticity of the resulting 
conjugate acid remains intact. 


Extended aromatic system 


Extended aromatic system 


(c) The lone pair on this nitrogen atom is delocalized, as 
can be demonstrated by the following resonance 
structure. Thus, protonation of this nitrogen atom is not 
likely. 


(d) The lone pair on this nitrogen atom is localized, and 
not involved in any resonance structures. Protonation of 
this site is therefore reasonable. 


a © 
NH NH2 
A ig Ñ. 
N N 
H ë NH2 H NH? 
(e) The lone pair on this nitrogen atom is delocalized in a 


fashion analogous to location c. Protonation of this site is 
thus unlikely. 


NH NH 
aS =, A 
H {He H ‘NH 
N X 


Based on the above analysis, treatment of the natural 
product with two equivalents of HCl is expected to 
afford the following structure: 
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© 
Br N NH2 Cl 


17.72. In order to propose a structure for the fragment at 
m/z = 39, we should consider all of the possible 
combinations of atoms that will provide a mass-to- 
charge ratio of 39. Considering the atoms present (C, H, 
N) in each of the analytes, there are two possible ionic 
formulas that fit: C2NH* or C3H3*. Considering the fact 
that the fragment is very common (found in 17 of 20 
samples), and relatively abundant (5-84% of the base 
peak), it is reasonable to assume that this fragment is a 
relatively stable cation. While there is no obvious stable 
cation with a formula of C2NH*, we can draw an 
aromatic cation with a formula of C3H3*, called a 
cyclopropenium cation. 
© 


A 


Now we must consider why the compounds in the top 
row produce this fragment, while those in the bottom 
row do not. Each of the compounds in the top row 
contains at least three contiguous carbon atoms with at 
least three hydrogen atoms among them (these six atoms 
are necessary for formation of the cyclopropenium 
cation), as highlighted below. 


N N NH3 
AA e 
| HN H 
NS N 
N 
This is a structural feature that the three compounds in 
the bottom row lack. Thus, it is reasonable to propose 
that the cyclopropenium fragment results from 


rearrangements of the fragments from the molecules in 
the top row. 


17.73. Many resonance structures can be drawn for dication 2. The following are just a few of them: 


OO 60D GO 6D do 


(4 aromatic rings) 


Notice that only resonance structure 2a has four complete aromatic rings. The extra stabilization associated with this 
structure means that this resonance structure will contribute more character to the overall resonance hybrid, and as a 
result, the two neighboring central carbon atoms in dication 2 will both exhibit a large degree of carbocationic 


character. 
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17.74. 


(a) Sodium methoxide is a strong base, which removes the most acidic proton in the starting material. The resulting 
resonance-stabilized anion can then function as a nucleophile and attack 3-bromo-1-propyne in an Sn2 process, giving 


A. 
ZZ 
we F3C Zo ae LE oe 
:OMe : Q A 
RE 


resonance-stabilized A 


(b) As mentioned in the solution to part (a), the anionic intermediate is resonance-stabilized, so we draw the resonance 
structures: 


Among these resonance structures, the last one is expected to contribute the most character to the overall resonance 
hybrid, for two reasons: 1) the negative charge is placed on an oxygen atom (rather than on a nitrogen atom or on a 
carbon atom), and 2) this resonance structure exhibits a benzene-like ring. In fact, this anionic intermediate is indeed 
aromatic, and we expect the oxygen atom to bear the majority of the delocalized negative charge. Based on this, we 
can propose the following structure and mechanism of formation for B: 


(c) Compound B has aromatic stabilization that is absent in A. As such, B is expected to be lower in energy, so the 
product mixture will have more of B than A. 


not aromatic aromatic 
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Chapter 18 
Aromatic Substitution Reactions 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 18. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 


Vocabulary. 
e In the presence of iron, an aromatic substitution reaction is observed between 
benzene and bromine. 
e Iron tribromide is a acid that interacts with Br2 and generates Br*, which is 


sufficiently electrophilic to be attacked by benzene. 
Electrophilic aromatic substitution involves two steps: 


o Formation of the complex, or arenium ion. 
o Deprotonation, which restores : 
Sulfur trioxide (SO3) is a very powerful that is present in fuming sulfuric acid. 


Benzene reacts with SO; in a reversible process called A 

A mixture of sulfuric acid and nitric acid produces the nitronium ion (NO2*). Benzene reacts 
with the nitronium ion in a process called 

A nitro group can be reduced to an group. 

Friedel-Crafts alkylation enables the installation of an alkyl group on 

. When choosing an alkyl halide, the carbon atom connected to the 


halogen must be hybridized. 
When treated with a Lewis acid, an acyl chloride will generate an ion, which is 
resonance stabilized and not susceptible to rearrangements. 


When a Friedel-Crafts acylation is followed by a Clemmensen reduction, the net result is the 
installation of an group. 


A methyl group is said to activate an aromatic ring and is an - director. 

All activators are - directors. 

A nitro group deactivates an aromatic ring and is a director. 

Most deactivators are directors. 

Strong activators are characterized by the presence of a immediately 
adjacent to the aromatic ring. 

Strong deactivators are powerfully electron withdrawing, either by or 

When multiple substituents are present, the more powerful dominates the 


directing effects. 
In a nucleophilic aromatic substitution reaction, the aromatic ring is attacked by a 
. This reaction has three requirements: 1) the ring must contain a powerful 


electron-withdrawing group (typically a group) 2) the ring must contain a : 
and 3) the leaving group must be either or to the electron-withdrawing group. 
An elimination-addition reaction occurs via a intermediate. 
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Review of Skills 
Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 
the end of Chapter 18. The answers appear in the section entitled Skil/Builder Review. 


18.1 Identifying the Effects of a Substituent 


© 
PLACE EACH OF THE — = = 
FOLLOWING GROUPS NR3 oO G —C=N Br —CX, — NO, 
IN THE CORRECT —NH, Jk 
CATEGORY BELOW. —OR R —o R —cl — OH =f —R 
ACTIVATORS DEACTIVATORS 
STRONG MODERATE WEAK WEAK MODERATE STRONG 


18.2 Identifying Directing Effects for Disubstituted and Polysubstituted Benzene Rings 


IN THE FOLLOWING COMPOUND, IDENTIFY THE CH3 
POSITION THAT IS MOST REACTIVE TOWARDS 
ELECTROPHILIC AROMATIC SUBSTITUTION. HO 


NO2 


18.3 Identifying Steric Effects for Disubstituted and Polysubstituted Aromatic Benzene Rings 


IN THE FOLLOWING COMPOUND, IDENTIFY THE 
POSITION THAT IS MOST REACTIVE TOWARDS 
ELECTROPHILIC AROMATIC SUBSTITUTION. 


NO% 


18.4 Using Blocking Groups to Control the Regiochemical Outcome 
of an Electrophilic Aromatic Substitution Reaction 


IDENTIFY REAGENTS THAT WILL ACHIEVE THE FOLLOWING TRANSFORMATION: 


C 
tS. f 
T 


18.5 Proposing a Synthesis for a Disubstituted Benzene Ring 


IDENTIFY REAGENTS THAT CAN BE USED TO ACHIEVE THE FOLLOWING TRANSFORMATION: 
1) 
N 
2) 
Q = 
3) 
a, 
4) NH> 
_ 
5) 
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18.6 Proposing a Synthesis for a Polysubstituted Benzene Ring 


COMPLETE THE FOLLOWING RETROSYNTHETIC ANALYSIS: 


re: > b fP (>) 


O 


18.7 Determining the Mechanism of an Aromatic Substitution Reaction 


INDICATE THE MECHANISM THAT OPERATES IN EACH OF THE THREE SCENARIOS SHOWN IN THE FOLLOWING DECISION 


TREE: 
ELECTROPHILIC f 


ARE THE REAGENTS YES 
NUCLEOPHILIC OR ELECT ROPHILIC? TT 
ARE ALL THREE CRITERIA 
NICER OERIEG SATISFIED FOR A NO 
NUCLEOPHILIC AROMATIC 
SUBSTITUTION? 


Review of Reactions 

Identify the reagents necessary to achieve each of the following transformations. To verify that your 
answers are correct, look in your textbook at the end of Chapter 18. The answers appear in the section 
entitled Review of Reactions. 


Electrophilic Aromatic Substitution 


NH CBr. 
2 or 3 ot 
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Nucleophilic Aromatic Substitution 


Br OH 


NO> NO2 


Elimination-Addition 


CI OH 


PE 


Common Mistakes to Avoid 


For most ortho-para directors, we can rely on steric effects that will favor substitution at the para position 
rather than the ortho position: 


ortho-para 
director 


Electrophilic 
Aromatic 
ee. 


Minor 


Major 


The major product results from para attack, and the minor product results from ortho attack. If we want to 
achieve substitution at the ortho position, then we must employ a blocking group: 


ortho-para 
director 
Install R Electrophilic R Remove R 
blocking Aromatic x blocking x 
group Substitution group 
Se a > 


SO3H SO3H 


With this technique, we use the para-directing effects of the substituent to block (temporarily) the para 
position. This allows us to perform the desired reaction at the ortho position, followed by removal of the 
blocking group. 
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When designing a synthesis that involves the directing effects of an ortho-para director, you can generally 
rely on a preference for para attack (at the expense of ortho attack). A notable exception is toluene, which 
exhibits a very small group (a methyl group). The steric bulk provided by a methyl group is small enough 
to give a nearly equal mixture of ortho and para products: 


H3 Electrophilic 
Aromatic 
Substituto: 


It is often difficult to predict which product will predominate, and the product distribution will be 
dependent on the conditions employed. When toluene undergoes an electrophilic aromatic substitution 
reaction, a mixture of ortho and para products is unavoidable. Therefore, it would be inefficient to rely on 
the directing effects (to favor para attack over ortho attack) of a methyl group. Avoid making this 
mistake, as there are many ways that this mistake can manifest itself in a synthesis problem. For example, 
if you are designing a synthesis for a polysubstituted aromatic ring (where one of the substituents is a 
methyl group), consider installing the methyl group last, rather than first. Consider the following 
transformation, which requires two successive Friedel-Crafts alkylation reactions: 


This transformation is best achieved if the tert-butyl group is installed prior to the methyl group. After the 
tert-butyl group is installed, subsequent methylation is forced to occur almost exclusively at the para 


position (because of the steric bulk of the tert-butyl group). In contrast, if methylation is performed first, 
then installation of the tert-butyl group will not proceed with the same degree of regioselectivity. 


Useful reagents 


The following is a list of reagents encountered in this chapter: 


Reagents Name of Reaction Description 
Brz, AlBr3 or FeBr3 Bromination Installation of a bromine atom on an aromatic ring. 
ae Installation of a bromine atom on a moderately or strongly 
Bro Bromination : — 
activated aromatic ring. 
Ch, AlCl; or FeCl; Chlorination Installation of a chlorine atom on an aromatic ring. 
Ch Chlorination Installation of a chlorine atom on a moderately or strongly 


activated aromatic ring. 


Installation of a nitro group on an aromatic ring. Cannot 
HNO;, H2SO4 Nitration be performed if an amino group is already present on the 
aromatic ring. 


Installation of a sulfonic acid group, often used as a 


Fuming H2S04 Sulfonation blocking group. 
Dilute H2SO4 Desulfonation Removes a sulfonic acid group. 
Installation of an alkyl group on an aromatic ring. This 
process is limited to R groups that are not susceptible to 
RCL AICI Friedel-Crafts carbocation rearrangements. Unless otherwise indicated, 
á 3 alkylation assume conditions will favor monoalkylation. This 


reaction cannot be performed on a moderately or strongly 
deactivated aromatic ring. 
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O 


A 


Friedel-Crafts 


Installation of an acyl group on an aromatic ring. Cannot 
be performed on a moderately or strongly deactivated 


R~ cl, AlCl acylation aromatic ring. 

1) Fe or Zn, HCl : . : : : 
Reduction Reduction of a nitro group to give an amino group. 

2) NaOH 

Excess NBS Benzylic bromination | Exhaustive bromination of the benzylic position. 


1) KMnOa, H20, heat 
2) H30* 


Benzylic oxidation 


Oxidation of the benzylic position to give a carboxylic 
acid. 


Zn(Hg), HCl, heat 


Clemmensen reduction 


Reduction of a carbonyl group to give a methylene (CH2) 
group. 


A strong nucleophile used in nucleophilic aromatic 


SnAr or lag A ee a 
NaOH a oe substitution reactions as well as elimination-addition 
elimination-addition : 
reactions. 
SEERE oe A t i i 
NaNH> Jiminationaddition very strong base (and strong nucleophile) used in 
elimination-addition reactions. 
Solutions 


18.1. In the first step, the aromatic ring functions as a 
nucleophile and attacks the electrophile (I*), giving a 
resonance-stabilized intermediate (called a sigma 
complex). The sigma complex then loses a proton to 
restore aromaticity, affording the product: 


H 


I2, CuCl? 


[e : Base 


H I H I H I 
© © 
=>, =>, 
© 
The problem statement has not provided enough 
information for us to determine the identity of the base 
that removes the proton in the last step of the process. 
This type of situation is extremely rare. In nearly all 


cases that you encounter throughout this course, you 
should be able to determine the identity of the base. 


18.2. If we consider the fact that desulfonation is the 
reverse process of sulfonation, then the first step of 
desulfonation should be a proton transfer (since that was 
the last step of sulfonation). The aromatic ring is then 


protonated to give a resonance-stabilized intermediate 
(sigma complex), which then loses SO; to regenerate 
aromaticity. 


o, dh 
or) Dilute H»SO, on 
(0) 
oO IY 
H~ `H 
© 
AO 
` 
\\ 
H 
hioo 
H 
pn: \ — 
H O H O 
@ fh o 


18.3. The aromatic ring functions as a base and removes 
a deuteron from D2SOs, giving an intermediate sigma 
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complex, which then loses restore 


aromaticity. 


a proton to 


H D 


D2SO, 


18.4. 

In the presence of sulfuric acid, nitric acid can be 
protonated, followed by loss of water to give a nitronium 
ion (highlighted): 


(0) 

i H2SO4 Il 
o N. = N® 
O° ® “OH e 


nitronium ion 


P 
oe 
H 


The aromatic ring then functions as a nucleophile and 
attacks the nitronium ion to give an intermediate sigma 
complex, which then loses a proton to restore 
aromaticity. Water is the likely base for the final 
deprotonation step, since water is present in large 
quantities (and there are no strong bases present in 
strongly acidic conditions). 


H NO2 
© 
OO 
S HLH 
og je 
H NO» H NO, H” NO3 


CHAPTER 18 641 


18.5. 

(a) When benzene is treated with R—Cl in the presence of 
a Lewis acid, an R group is installed on the aromatic 
ring. In this case, the R group is a cyclohexyl group, so 
we expect a cyclohexyl group to be installed on the 
aromatic ring, giving the following product: 


Caw 


(b) When benzene is treated with R—Cl in the presence 
of a Lewis acid, an R group is installed on the aromatic 
ring. In this case, the R group is a tert-butyl group, so 
we expect a tert-butyl group to be installed on the 
aromatic ring. No rearrangement is expected, since the 
carbocation formed upon chloride departure is tertiary. 


(y+ 


(c) When benzene is treated with R-Cl in the presence of 
a Lewis acid, an R group is installed on the aromatic 
ring. In this case, consider the complex that is formed 
when R-Cl interacts with the Lewis acid: 

(œ~ 


i © © 
a AICl3 ee 


This complex can either be attacked by benzene, 


© © © Electrophilic 
l CI—AICl, ———>_ Aromatic 
Substitution 


or the complex can rearrange, via a hydride shift, to give 
a tertiary carbocation, which can then react with 
benzene: 


Pro Kes —> a 
tertiary O 


Electrophilic 
Aromatic 
Substitution 


As such, there are two possible products for this 
electrophilic aromatic substitution reaction: 


oor 
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18.6. An interaction between a lone pair (on one of the chlorine atoms) and the Lewis acid generates a complex that 
can lose a leaving group (AICl4 ) to give a tertiary carbocation. This carbocation then functions as an electrophile in 
an electrophilic aromatic substitution reaction. That is, benzene attacks the carbocation to give an intermediate sigma 
complex, which then loses a proton to restore aromaticity. All of the steps above are then repeated once again to close 
the ring, except this time, the electrophilic aromatic substitution reaction occurs in an intramolecular fashion. A lone 
pair on the chlorine atom interacts with the Lewis acid to generate a complex that can lose a leaving group (AICI, ) to 


give a tertiary carbocation. 
aromatic substitution reaction. 
complex, which then loses a proton to restore aromaticity: 


či L ac cI 
Cl: 


This carbocation then functions as an electrophile in an intramolecular electrophilic 
That is, the aromatic ring attacks the carbocation to give an intermediate sigma 


® © 
[[Cl—AICls 


— A 


Q Cl Cl Cl 
H <> <——_—__ a 
© ©] 
© 


CI—AICls 


[LN ® © 
Cl: AICl3 CI— AlCl; ® 


| 


R OR Oy 


Agd 


Cl,AICl 


18.7. Sulfuric acid is used as an aqueous solution, so we 
indicate H3O* as the proton source in our mechanism, 
rather than H2SO4 (because H2SOsz is a stronger acid than 
H30*, so mixing H2SO4 and water causes the protons to 
be transferred from H2SO4 to H20, giving H30*). In 
these acidic conditions, the alkene is protonated to give a 
carbocation. This carbocation then serves as an 
electrophile in an electrophilic aromatic substitution 


reaction. The aromatic ring attacks the electrophile to 
give an intermediate sigma complex, which is then 
deprotonated to restore aromaticity, thereby giving the 
product. Water is the likely base for the final 
deprotonation step, since water is present in a solution of 
sulfuric acid (and there are no strong bases present in 
strongly acidic conditions). 


www.MyEbookNiche.eCrater.com 


/ 
+ 


© 


18.8. 
(a) Making the desired product via a Friedel-Crafts 
alkylation process would require the use of the following 


type of alkyl halide: 
ms 


This alkyl halide will interact with a Lewis acid to give a 
complex that can undergo a methy] shift: 


eae a E © Electrophilic 
AICl3— C = 67 Aromatic 


Substitution 
tertiary 


Therefore, it is necessary to perform an acylation 
followed by a Clemmensen reduction to avoid 
carbocation rearrangements. 


(b) Making the desired product via a Friedel—Crafts 
alkylation process would require the use of the following 


type of alkyl halide: 
a 


This alkyl halide will interact with a Lewis acid to give a 
complex that can undergo a hydride shift: 


ae 


5- oe any Electrophilic 
AlCl — cl -y 6 > Aromatic 
Substitution 


tertiary 
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Therefore, it is necessary to perform an acylation 
followed by a Clemmensen reduction to avoid 
carbocation rearrangements. 


(c) Making the desired product via a Friedel—Crafts 
alkylation process would require the use of the following 


type of alkyl halide: 
x “NZ 


This alkyl halide will interact with a Lewis acid to give a 
complex that can undergo a hydride shift: 


we —s te Electrophilic 


———» Aromatic 


Aci % 
s Substitution 


secondary 


Therefore, it is necessary to perform an acylation 
followed by a Clemmensen reduction to avoid 
carbocation rearrangements. 


(d) Making the desired product via a Friedel-Crafts 
alkylation process would require formation of a Lewis 
acid/base complex that would not undergo carbocation 
rearrangement. Therefore, the compound can be made 
using a direct Friedel-Crafts alkylation. 


18.9. Making the desired product via a Friedel-Crafts 
alkylation process would require the use of the following 
type of alkyl halide: 


This alkyl halide will interact with a Lewis acid to give a 
complex that can undergo a methyl shift: 


a l © Electrophilic 
AIC — C) — 67> Aromatic 


Substitution 


tertiary 
The desired product also cannot be made via acylation 
followed by a Clemmensen reduction, because the 
product of a Clemmensen reduction has two benzylic 
protons: 


O H) (H 
O~ O~ 
— 


The desired product has only one benzylic proton, which 
means that it cannot be made via a Clemmensen 
reduction. 
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18.10. The anhydride interacts with the Lewis acid to give a complex which loses a leaving group to produce an 
acylium ion. This acylium ion then serves as an electrophile in an electrophilic aromatic substitution reaction. The 
aromatic ring attacks the electrophile to give an intermediate sigma complex, which is then deprotonated to restore 
aromaticity, thereby giving the product. An acetate ion is the likely base for the final deprotonation step, since acetate 
is a by-product of the reaction. Acetate is formed when the leaving group (of the second step of mechanism) breaks 


apart into AlCl; and acetate (as shown). 


iS) 
os .. @_AICI 
3 n o> < 3 : _AICIs 
JL JL Abi Io — cH T De 
R~ ~O~ -R R~ ~O~ ^R RI Oo” ~R 
OOR OR OOR - AICls 
® 
H H H 
=> <=> 
© © 
O 
a ei. 
0 
R 
18.11. The methyl group is an activator, which directs 
the incoming electrophile (Br*) to the ortho and para O HSO q 
positions: N = N® 
©0°@>6H u 
Br 
+ T nitronium ion 
H—0-S—OH 
Br O 
-H20 
18.12. o 


(a) The ethoxy group is an activator, which directs the 
incoming electrophile (NO2) to the ortho and para 


positions: 
OEt OEt 
NO3 
A 
NO» 


(b) In the presence of sulfuric acid, nitric acid can be 
protonated, followed by loss of water to give a nitronium 
ion: 


o.NN A H 
10° 006 
H 


The aromatic ring then functions as a nucleophile and 
attacks the nitronium ion. We will draw the attack 
occurring at the para position because the problem 
statement asked for a mechanism of formation of the 
major product (the para product predominates over the 
ortho product as a result of steric factors). The resulting 
intermediate sigma complex then loses a proton to 
restore aromaticity. 
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OEt OEt Water is the likely base for the final deprotonation step, 
since water is present (and there are no strong bases 
HNO3, H2SO4 present in strongly acidic conditions). 
> ls 
O 
{NS 
fe) Hoo M 
OEt ela 
5 
(©) 
H NO; H NO, 
\ OEt :OEt y 
e G 
=> 
© 
H NO; H NO, 


18.13. As shown below, attack at C4 or C6 produces a sigma complex in which two of the resonance structures have a 
positive charge next to an electron-withdrawing group (NO2). These resonance structures are less contributing to the 
resonance hybrid, thereby destabilizing the sigma complex. In contrast, attack at C5 produces a sigma complex for 
which none of the resonance structures have a positive charge next to a nitro group. 


NO» [ NO» NO, NO» 
ATTACK o 
AT C4 
— > 
5 => => re) 
ON ON ON ON 
H NO, H NO; H NO, | 
O=N=0 
© 
NO; NO, NO, NO, 
ATTACK 
| S AT C5 Ə ® 
——— a a <> 
K P NO NO NO» 
O2N as ON ee ON L NO2 ON y 
VAS] L J 


NO2 O 


R AA NO NO3 
/™ NA ATTACK j® H H H 
O AT C6 NO, NO, NO, 
er => => 
g © 
ON ON ON ON 


Attack at C2 is identical to attack at C4 because the starting material has symmetry that renders C2 and C4 identical. 


18.14. The chlorine atom in chlorobenzene deactivates the ring relative to benzene. If benzene requires a Lewis acid 
for chlorination, than chlorobenzene should certainly require a Lewis acid for chlorination. 
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18.15. Ortho attack and para attack are preferred because each of these pathways involves a sigma complex with four 
resonance structures (shown below). Attack at the meta position involves formation of a sigma complex with only 
three resonance structures, which is not as stable as a sigma complex with four resonance structures. The reaction will 
proceed more rapidly via the lower energy sigma complex, so attack takes place at the ortho and para positions in 


preference to the meta position. 


ORTHO 
ATTACK 


Br 
® o 
a, c-e — act, 


META 

ATTACK m 
Br Br 
© © 
or CI—AIClg 
=P 
CI 
© H 

PARA 

ATTACK - 


Br 
© oO 
or Act Act, 
> 


18.16. 

(a) As seen in Table 18.1, the nitro is strongly 
deactivating and meta-directing. 

(b) As seen in Table 18.1, an acyl group is moderately 
deactivating and meta-directing. 

(c) As seen in Table 18.1, a bromine atom is weakly 
deactivating and ortho, para-directing. 

(d) This aromatic ring exhibits a C=N bond (a x bond to 
a heteroatom) conjugated to the ring and is therefore 
similar to a C=O bond that is conjugated to the ring. 


Br Br :Br: 
© H H G H H 
Cl Cl Cl Cl 
P => <=> => 
© © 


Br Br 
© © 
=> 
Cl Cl 
H H 


Br Br :Br: Br 
e G 
=> => => 
© © 
H CI H CI 


H Cl H Cl 


This group is moderately deactivating and meta- 
directing. 

(e) In this compound the carbonyl group of the ester is 
connected directly to the ring. As seen in Table 18.1, a 
carbonyl group is moderately deactivating and meta- 
directing. 

(f) As seen in Table 18.1, the oxygen atom of an ester 
(connected directly to an aromatic ring) is moderately 
activating and ortho, para-directing. 


18.17. There are two aromatic rings in the structure, but we are evaluating only the monosubstituted ring. Don’t be 
distracted by the size of the substituent connected to that ring. First check if there is a lone pair immediately adjacent to 
the ring. In this case, there isn’t one. The atom directly attached to the benzene ring is a carbon atom. 


CI 


O 
N 


Next, check for a m bond to an electronegative atom, where the mz bond is conjugated with the ring. The C=N bond is 
conjugated with the ring allowing for electron withdrawal via resonance, as shown here: 
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We therefore expect the monosubstituted ring to be moderately deactivated. Note the effect of the substituent. The 
resonance structures indicate that the ortho and para positions should be electron-poor (6+). We therefore predict those 
positions to be the least likely to react with an electrophile. The deactivating substituent is (as usual) a meta director. 


18.18. 

(a) The methyl group is weakly activating and the nitro 
groups are strongly deactivating. The directing effects 
are controlled by the most strongly activating group. 
Therefore, in this case, the methyl group controls the 
directing effects. As an activator, the methyl group is an 
ortho-para director. However, the two ortho positions 
are both already occupied (by the nitro groups). 
Therefore, an electrophilic aromatic substitution reaction 
is most likely to occur at the position that is para to the 
methyl group, shown here: 


CH3 
ON NO, 


I 


(b) The methyl group is weakly activating and the nitro 
groups are strongly deactivating. The directing effects 
are controlled by the most strongly activating group. 
Therefore, in this case, the methyl group controls the 
directing effects. As an activator, the methyl group is an 
ortho-para director. However, the para position and one 
of the ortho positions are already occupied (by the nitro 
groups). Therefore, an electrophilic aromatic 
substitution reaction is most likely to occur at the 
position that is ortho to the methyl group, shown here: 


(c) This aromatic ring has three substituents. The methyl 
group is weakly activating. The other two groups are 
both esters, but they differ in the way they are connected 
to the ring. One group is moderately activating (the 
oxygen atom connected to the ring) and the other is 
moderately deactivating (the carbonyl group connected 
to the ring). The directing effects are controlled by the 
most strongly activating group. Therefore, in this case, 
the ester group (connected to the ring by its oxygen 


atom) controls the directing effects. As an activator, this 
group is an ortho-para director. However, the para 
position and one of the ortho positions are already 
occupied (by the other substituents). Therefore, an 
electrophilic aromatic substitution reaction is most likely 
to occur at the position that is ortho to the moderately 
activating group, shown here: 


sor 


(d) The methyl groups are weakly activating and the 
cyano group is moderately deactivating. The directing 
effects are controlled by the most strongly activating 
group(s). Therefore, in this case, the methyl groups 
control the directing effects. Both of the methyl groups 
are directing to the same two locations (ortho and para 
to the methyl groups), shown here. 


CN 


Zao 


These two locations are identical because of symmetry. 
Don’t be confused by the arbitrary location of the double 
bonds. Perhaps it is less distracting if we draw the 
structure like this: 

CN 


yas 


(e) This aromatic ring has three substituents. The methyl 
group is weakly activating. The carbonyl group (C=O) 
is moderately deactivating, and the amide group is 
moderately activating (see Table 18.1). The directing 
effects are controlled by the most strongly activating 
group. Therefore, in this case, the amide group controls 
the directing effects. As an activator, this group is an 
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ortho-para director. However, one of the ortho positions 
is already occupied (by the methyl group). Therefore, an 
electrophilic aromatic substitution reaction is most likely 
to occur at the following positions, which are ortho and 
para to the amide group: 


| 
y 
bon 


(f) The directing effects are controlled by the most 
strongly activating group. Therefore, in this case, the 
OH group (a strong activator) controls the directing 
effects. As an activator, this group is an ortho-para 
director. However, the para position and one of the 
ortho positions are already occupied (by the other 
substituents). Therefore, an electrophilic aromatic 
substitution reaction is most likely to occur at the 
position that is ortho to the OH group, shown here: 


oO 


Br OH 


\ 


(g) The methyl groups are weakly activating and the 
bromo group is weakly deactivating. The directing 
effects are controlled by the most strongly activating 
group(s). Therefore, in this case, the methyl groups 
control the directing effects. Both of the methyl groups 
are directing to the same two locations (ortho and para 
to the methyl groups), shown here. 


Br 


Gn 


These two locations are identical because of symmetry. 
Don’t be confused by the arbitrary location of the double 
bonds. It is less distracting if we draw the structure like 
this: 

Br 


Goes 


(h) The directing effects are controlled by the most 
strongly activating group. Therefore, in this case, the 
OH group (a strong activator) controls the directing 
effects (rather than the methoxy group, which is only a 
moderate activator). As an activator, the OH group is an 
ortho-para director. However, the para position and one 
of the ortho positions are already occupied (by the other 
substituents). | Therefore, an electrophilic aromatic 


substitution reaction is most likely to occur at the 
position that is ortho to the OH group, shown here: 


OMe 
noes 
a Br 


(i) This ring has four substituents (two electron-donating 
alkyl groups and two electron-withdrawing carbonyl 
groups). The directing effects are controlled by the most 
strongly activating group(s). Therefore, in this case, the 
alkyl substituents control the directing effects. Both of 
the alkyl substituents are directing to the same location 
(ortho to the alkyl substituents), shown here. 


(0) (0) 
18.19. Begin by identifying the effect of each group on 
the aromatic ring. 


Strong 
NH2 activator 
Strong 
NOJ deactivator 
Weak F 
deactivator 


The most powerful activator will dominate the directing 
effects. In this case the NH2 group is the strongest 
activator so we consider the positions that are ortho and 
para to the NH2 group. 


ortho NH2 


= a 


ortho 


NO> 


Ae 


para 


The para position is already occupied by F. There are 
two positions that are ortho to the NH2 group, and both 
are available. Therefore, we expect that the reaction 
should occur primarily at these two positions: 
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ortho NH2 ortho 


NO, 
F 


However, we will soon see (immediately after this 
SkillBuilder) that the ortho position on the left is more 
accessible for steric reasons, so substitution at this 
position leads to the major product. 


NH2 
Most 
reactive (——» 
position 
NO2 
F 


18.20. 

(a) The directing effects are controlled by the most 
strongly activating group. Therefore, in this case, the 
OH group (a strong activator) controls the directing 
effects. As an activator, the OH group is an ortho-para 
director. However, the para position is already occupied 
(by the methyl group). Therefore, an electrophilic 
aromatic substitution reaction should occur at an ortho 
position. Among the two ortho positions, one of them 
(top) is sterically hindered and we do not expect the 
reaction to occur at that location. Therefore, the reaction 
is most likely to occur at the following position: 


Sterically 
hindered 
2 


Reaction wa 


occurs here 


(b) The directing effects are controlled by the most 
strongly activating group. Therefore, in this case, the 
methoxy group (a moderate activator) controls the 
directing effects. As an activator, the methoxy group is 
an ortho-para director. However, the para position is 
already occupied (by the bromine atom). Therefore, an 
electrophilic aromatic substitution reaction should occur 
at an ortho position. Among the two ortho positions, one 
of them (top) is sterically hindered and we do not expect 
the reaction to occur at that location. Therefore, the 
reaction is most likely to occur at the following position: 


CHAPTER 18 649 


Sterically 
hindered 
ON OMe 


Br Ss Reaction 


occurs here 


(c) This aromatic ring lacks an activating substituent. 
Both substituents are deactivators, and they are 
competing with each other (each group directs to the 
positions that are meta to itself). So electronically, the 
four aromatic positions are equally likely to undergo an 
electrophilic aromatic substitution reaction. The 
positions are differentiated from each other when we 
consider steric effects. The larger group (left) is more 
sterically bulky, and therefore blocks the positions 
closest to it. The reaction therefore occurs at one of the 
following locations. 
| o 


SS 


O 


These two locations are identical because of symmetry. 


(d) The directing effects are controlled by the most 
strongly activating group(s). Therefore, in this case, the 
OH groups (strong activators) control the directing 
effects. However, each OH group directs to different 
locations (ortho and para to itself), so all available 
positions are activated. To differentiate between them, 
we note that the following position is too sterically 
hindered for a reaction to occur at this location: 


OH Too sterically 
HO Zz hindered 


Among the other two locations, one of them is more 
sterically accessible than the other, so the reaction is 
expected to occur at this location: 


OH 
HO 


ga 
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18.21. As mentioned in the problem statement, the benzene ring has two substituents. One is an alkoxy group, and the 
other is a heterocyclic substituent (it contains nitrogen atoms incorporated in rings): 


Alkoxy 


substituent ie) Heterocyclic 


substituent 


Let’s begin with the ethoxy group. With its lone pairs on oxygen, the ethoxy group is a moderate activator capable of 
donating electrons toward the ring, as expected for an alkoxy substituent: 


The heterocyclic substituent contains a n-bond conjugated with the benzene ring which can withdraw electron density 
from the ring via resonance: 


This makes the heterocycle a moderate deactivator. 
Recall that the most powerful activator will dominate the directing effects, so we must consider the positions that are 
ortho and para to the ethoxy group (highlighted): 


H 
zo ^N 


One of these positions is already occupied, leaving only two choices. Since the ortho position is more sterically 
hindered by the ethoxy substituent than the para position, we expect substitution to take place primarily at the para 
position. Though the conditions for this reaction are new, the resulting electrophilic aromatic substitution is similar to 
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the reactions we have encountered. Specifically, the site of attack exchanges its proton for the electrophilic group, in 
this case -SO2Cl. Substitution occurs to afford the following product: 


SOCI 


18.22. 

(a) This aromatic ring has only one substituent (an alkyl 
group). Alkyl groups are weak activators and therefore 
ortho-para directors. An isopropyl group is sterically 
bulky, and we therefore expect a nitration reaction to 
occur predominantly at the para position. In order to 
install a nitro group at the ortho position, a blocking 
group will be required. 


(b) This aromatic ring has only one substituent (an alkyl 
group). Alkyl groups are weak activators and therefore 
ortho-para directors. An isopropyl group is sterically 
bulky, and we therefore expect a bromination reaction to 
occur predominantly at the para position. Therefore, a 
blocking group is not required. Direct bromination will 
give the desired product. 


(c) The aromatic ring has two substituents: an amino 
group and a carbonyl group. The former is a strong 
activator and the latter is a moderate deactivator. The 
directing effects are controlled by the more strongly 
activating group. Therefore, in this case, the amino 
group controls the directing effects. As an activator, the 
amino group is an ortho-para director. However, one of 
the ortho positions is already occupied (by the other 
substituent). Therefore, there are only two locations 
where bromination can occur (ortho or para to the amino 


group): 
wd 
Son 


Among these two locations, one of them (top) is more 
sterically hindered than the other. Bromination is 
therefore expected to occur at the location that is more 
sterically accessible. 


Ss 


In order to install the bromine atom at the other location 
(ortho rather than para), a blocking group will be 
required. 


O 


(d) The directing effects for the desired nitration process 
are controlled by the most strongly activating group. 
Therefore, in this case, the OH group (a strong activator) 
controls the directing effects. As an activator, this group 
is an ortho-para director. However, one of the ortho 
positions is already occupied (by a methyl group). This 
leaves only two locations where the reaction can occur: 


l 


HO 


SN 


One of these locations (bottom right) is more accessible 
than the other, and this is exactly the position where a 
nitro group must be installed. Therefore, a blocking 
group will not be required. 


18.23. Analyze the starting material. The OH group is a strong activator and an ortho/para-director. Indeed, it is such a 
strong activator that bromination conditions will likely give a tribrominated product (with bromination occurring at the 
para position and both ortho positions), even at room temperature. Also, even if monobromination could be carried out 
cleanly, the product mixture would likely contain only some of the more sterically hindered (desired) product along 
with a substantial amount of the para isomer that would likely be the major product. Our strategy will be to block 
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some reactive positions, brominate, and then unblock. As we have seen, reactive positions can be blocked via 
sulfonation, as shown here: 


SO3H 

OH OH OH 

or conc. fuming JO 
$ 
H2SO, 
S HO3S 
SO3H 
F OH 
conc. fuming 
H>SO, 


HO3S 


The first sulfonic acid group is installed quickly, and it deactivates the ring somewhat, so the second sulfonation is 
expected to occur more slowly (and possibly require a higher temperature). A third sulfonation would require an even 
higher temperature, so there is likely an optimum temperature at which the disulfonated product can be obtained in high 
yield (and indeed, this is the case!). The regiochemistry of the second sulfonation is controlled by the o/p-directing 
effect of the OH group (although the meta-directing SO3H group also directs to the same location). This double 
blocking can be carried out in one synthetic step with excess fuming sulfuric acid, but is shown stepwise above for 
clarity. 

Bromination at the only remaining reactive site, followed by desulfonation to remove the two blocking groups, yields 
the desired product: 


SO3H SO3H 


OH OH . OH 
Bro Dilute H2804 
SO ol 
FeBr3 
HO3S Br Br 


HOS 


18.24. 
(a) The aromatic ring will undergo chlorination upon 
treatment with molecular chlorine (Cl2) and a Lewis acid 


(AICI). 
Cl 
Ola Cb ACh Ò 


(b) The aromatic ring will undergo nitration upon 
treatment with a mixture of nitric acid and sulfuric acid. 


NO» 
oo _HNOs, HzSOq Ò 


(c) The aromatic ring will undergo bromination upon 
treatment with molecular bromine (Br2) and a Lewis acid 
(AIBr3 or FeBrs). 


Br 
(ja ee a ae AIBr3 Ò 


(d) The aromatic ring will undergo a Friedel-Crafts 
alkylation upon treatment with ethyl chloride and a 
Lewis acid (AlCl;), to give ethylbenzene. 


© CH3CH,Cl, AlCl co 
> 


(e) A propyl group cannot be installed via a Friedel- 
Crafts alkylation, as a carbocation rearrangement is 
likely to occur. In order to install a propyl group 
(without rearrangement), we can first perform a Friedel- 
Crafts acylation, followed by a Clemmensen reduction, 
as shown: 


1) CH3CH2COCI 
AICI; 
2) HCI, Zn(Hg), heat 


fro. Zn(Hg), 
heat 


CH3CH,COCI 
AICI, 
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(f) An isopropyl group can be installed via a Friedel- 
Crafts alkylation in which isopropyl chloride is used as 
the alkyl halide: 


Q 


Notice that we use isopropyl chloride to install an 
isopropyl group, rather than using propyl chloride and 
relying on a carbocation rearrangement (which would be 
inefficient because it would likely yield a mixture of 
products). 


(CH3),CHCI 
AICI, 


(g) We did not learn a one-step method for installing an 
amino group on an aromatic ring, but we did learn a two- 
step method for achieving that transformation. 
Specifically, we first install a nitro group, and then we 
reduce the nitro group to an amino group, as shown here: 


Q 


NH2 


1) HNO3, H2504 


2) Zn, HCI 
3) NaOH 
NO2 
HNO3, 1) Zn, HCI 
H2504 2) NaOH 


(h) We did not learn a one-step method for installing a 
carboxylic acid group on an aromatic ring, but we did 
learn a multi-step method for achieving that 
transformation. Specifically, we first install a methyl 
group, and then we oxidize the methyl group to give the 
desired product: 


O OH 
1) CH3Cl, AlCl 
2) KMnQ,, H20, heat 
3) H30* 
1) KMnO,, 
CH3Cl, H20, heat 
AlCl 2) H30* 


(@ The aromatic ring will undergo a Friedel-Crafts 
alkylation upon treatment with methyl chloride and a 
Lewis acid (AICIs), to give toluene. 


© CH3CI, AlCl 
— 
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18.25. 

(a) These reagents will install a sulfonic acid group on 
the aromatic ring (a process called sulfonation), giving 
benzenesulfonic acid: 


(b) These reagents will install a nitro group on the 
aromatic ring (a process called nitration), giving 
nitrobenzene: 

NO, 


(c) These reagents will install a chlorine atom on the 
aromatic ring (a process called chlorination), giving 
chlorobenzene: 

Cl 


(d) These reagents will install an ethyl group on the 
aromatic ring (via a Friedel-Crafts alkylation), giving 
ethylbenzene: 

Et 


(e) These reagents will install a bromine atom on the 
aromatic ring (a process called bromination), giving 
bromobenzene: 

Br 


(f) These reagents will achieve the installation of a nitro 
group on the aromatic ring, followed by reduction of the 
nitro group to give aminobenzene (also called aniline): 


18.26. 
(a) Installation of the amino group requires a two-step 
process (nitration, followed by reduction), while 
installation of the bromine atom can be achieved in just 
one step. Therefore, our synthesis must have at least 
those three steps. 

Now let’s consider the order of events. 
groups must be installed in an ortho fashion. 


These two 
Both 
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groups are ortho-para directing, so we could 
theoretically install either one first, and then use a 
blocking technique to install the second group in the 
correct location (ortho, rather than para). However, if 
we install the amino group first, there is a concern of 
polybromination, since aminobenzene (also called 
aniline) is highly activated. To avoid this problem, we 
first install the bromine atom (which does not activate 
the ring). Then, we perform a sulfonation to block the 
para position. Nitration then installs the nitro group in 
the desired location (ortho). Then, after removing the 
blocking group, the nitro group is reduced to give the 


desired product. 
Br 
© “O 


1) Br2, AlBr3 

2) Fuming H2804 

3) HNO3, H2SO4 
SE nnn oP 

4) dilute H2504 


5) Zn, HCI 
6) NaOH 
Bro, AIBr3 1) Zn, HCI 
2) NaOH 
Br Br 
ON ` 
Fuming H2804 dilute 
y H2804 
Br Br 
ON 
HNO3 
H2503 
SO3H SO3H 


(b) Installation of the nitro group can be achieved in just 
one step (nitration), and installation of the chlorine atom 
can also be achieved in just one step. 

Now let’s consider the order of events. These two 
groups must be installed in a meta fashion. Only the 
nitro group is a meta director, so it must be installed first, 
followed by chlorination in the presence of a Lewis acid. 


HNOs, an 
H2504 Ch, AlCl 


(c) Installation of the amino group requires a two-step 
process (nitration, followed by reduction), and 
installation of the propyl group also requires a two-step 
process (Friedel-Crafts acylation, followed by 
Clemmensen reduction). 


1) HNO3, H2SO4 
2) 2DCh,ACh AICI; 


Now let’s consider the order of events. These two 
groups must be installed in a para fashion. Both groups 
are ortho-para directors, so we might think that either 
group could be installed first. However, to favor the 
para product over the ortho product, we must capitalize 
on the steric bulk of the propyl group. That is, we install 
the propyl group first, followed by installation of the 
amino group. Also, the amino group is too highly 
activating and cannot be installed first. 


k Ch. 


1) Zn, HCI 
2) NaOH 


O 
HCI, Zn(Hg), a= 
heat H2504 


(d) Installation of the amino group requires a two-step 
process (nitration, followed by reduction), while 
installation of the chlorine atom can be achieved in just 
one step. 

Now let’s consider the order of events. These two 
groups must be installed in a meta fashion, but both 
groups are ortho-para directors. Installation of these two 
groups (in either order) does not appear to give the 
desired meta substitution pattern. However, recall that 
installation of the amino group requires two steps. The 
first step is nitration, and a nitro group is a meta-director. 
So, we can achieve the desired transformation by 
performing the chlorination process after the nitration 
process but before the reduction process, as shown here: 


1) CH3CH2COCI, 
AlCl 
— o 
2) HCI, Zn(Hg), 
heat 
3) HNO3, H2804 


4) Zn, HCI 
5) NaOH 


CH3CHCOCI, 
AlCl 


e 


NH2 
1) HNO3, H2SO4 
2) Cl, AICI; 
3) Zn, HCI 
4) NaOH cl 
HNOs, 1) Zn, HCI 
H2504 2) NaOH 
NO» NO» 
Ch, AlCl 
Cl 
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(e) Installation of the tribromomethyl group requires a 
two-step process (Friedel-Crafts alkylation, followed by 
benzylic bromination), while installation of the bromine 
atom can be achieved in just one step. 

Now let’s consider the order of events. These two 
groups must be installed in a meta fashion. Only the 
tribromomethyl group is a meta director, so it must be 
installed first (via the required two-step process), 
followed by bromination in the presence of a Lewis acid: 


Br CBr3 
1) CH3Cl, AICls 
> 
2) excess NBS, heat 


3) Bro, AIBr3 
[onor AICI; 


bos AIBr3 


CH3 CBr3 
O excess NBS, heat or 
oo 


(f) Installation of the tribromomethyl group requires a 
two-step process (Friedel-Crafts alkylation, followed by 
benzylic bromination), while installation of the bromine 
atom can be achieved in just one step. 

Now let’s consider the order of events. These two 
groups must be installed in a para fashion. Only the 
bromo group is an ortho-para director, so we install that 


group first, followed by installation of the 
tribromomethyl group (which requires two steps), as 
shown: 
Br 
1) Bro, AIBr3 
a 
2) CHCl, AICI, 
3) excess NBS, Br3C 
heat NBS 
excess i 
Bro, AIBr3 heat 


Br Br 
Cy CH3Cl, AlCl, Sy 
ee 
H3C 


(g) This aromatic ring has two substituents, both of 
which are alkyl groups, although only the methyl group 
can be installed via a Friedel-Crafts alkylation process. 
The other alkyl group must be installed via a two-step 
process (Friedel-Crafts acylation, followed by 
Clemmensen reduction), because direct alkylation would 
result in a mixture of products (due to carbocation 
rearrangements). 


3 


Now let’s consider the order of events. These two 
groups must be installed in an ortho fashion. Both 
groups are ortho-para directing, so we could 


theoretically install either one first, and then use a 
blocking technique to install the second group in the 
desired location (ortho, rather than para). However, if 
we install the methyl group first, then subsequent 
sulfonation is likely to produce a mixture of ortho and 
para products, since the methyl group is not very 
sterically demanding. To circumvent this lack of 
regiochemical control, it is best to install the bulky alkyl 
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group first (using a Friedel-Crafts acylation, followed by 
a Clemmensen reduction), and then continue with a 


sulfonation step. This provides for much better 
oN 
1) AICIs, 
4) CH,Cl, AICI, 
5) Dilute H2SO4 
AICly, 


selectivity during the sulfonation step, and therefore, a 
——- 
oO 
HCI, Zn(Hg), heat 


Dilute H2804 


better yield of the final product. 
O 
O 2) HCI, Zn(Hg), heat 
3) Fuming H2804 
oN 
oO 


AXT 


less AICls 


(h) Installation of the nitro group can be achieved in just 
one step (nitration), and installation of the isopropyl 
group can also be achieved in just one step (Friedel- 
Crafts alkylation with isopropyl chloride and aluminum 
trichloride). 

Now let’s consider the order of events. These two 
groups must be installed in an ortho fashion. Only the 
alkyl group is an ortho-para director, so it must be 
installed first. Then, in order to install a nitro group in 
the ortho position (rather than the para position), a 
blocking group must be used. After the blocking group 
is installed, nitration will install a nitro group in the 
desired location. Desulfonation then affords the desired 
product. 


Q 


[oona AlCh 


1) (CH3)2CHCl, AlCl 
2) Fuming H2SO,4 

fe 
3) HNO3, H2804 


4) Dilute H2SO4 Nee 


foise H2SO4 


HO3S NO, 
Fuming HNO3, 
H2504 H2803 
ne 
HO3S 
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(i) Installation of the propyl group requires a two-step 
process (Friedel-Crafts acylation, followed by 
Clemmensen reduction), while installation of the 
chlorine atom can be achieved in just one step. 

Now let’s consider the order of events. These two 
groups must be installed in a meta fashion, but both 
groups are ortho-para directors. Installation of these two 
groups (in either order) does not appear to give the 
desired meta substitution pattern. However, as 
mentioned above, installation of the propyl group 


installed in a para fashion. Propyl groups are ortho-para 
directors, and their steric bulk is expected to cause a 
preference for para-substitution. So we simply install 
one propyl group (via Friedel-Crafts acylation followed 
by reduction), followed by the second propyl group, as 
shown here: 


1) CH3CH2COCI, 
AICls 


2) HCI, Zn(Hg), 
requires two steps. The first step is acylation, and the _heat o 
resulting acyl group is a meta-director. So, we can 3) 3) CH3CH;COCI, 


achieve the desired transformation by performing the AICls 
chlorination process after the acylation process but 4) HCI, Zn(Hg) 
before the reduction process, as shown here: heat 
1)CH3CH2COCI, c CH3CH2COCI, bad ae 
AICI, AICI; 
rr > 
2) Ch, AICI, o 
3) HCI, Zn(Hg), heat 
a ale fro Zn(Hg), 
3 heat 
Ve CH2COCI, 
HCI, Zn(Hg), G 
CI heat 3 
Ch, AlCl 
ee 


ay 


(j) Installation of each propyl group requires a two-step 
process (Friedel-Crafts acylation, followed by 
Clemmensen reduction). These two groups must be 


18.27. The synthesis of 2-nitroaniline from benzene requires the installation of a nitro group and an amino group on a 
benzene ring. The nitro group can be installed in one step, 


NO> 
CO HNO3, H2SO4 O 
e 


while installation of the amino group can be achieved in two steps (nitration followed by reduction), as shown: 


NO» NH2 
© HNO;, H2SO4 O O 
—.JH—_——_P 


Notice that each of these groups is installed via nitration of benzene, so nitration must be the first step of the synthesis. 
We must therefore decide whether to perform the second nitration before or after the reduction. Consider what will 
happen if the second nitration is attempted before the reduction. Since the existing nitro group is meta-directing, the 


1) Fe or Zn, HCI 
2) NaOH 
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1,3-regioisomer will be produced, leading to 3-nitroaniline as the product. Additionally, the subsequent reduction may 
affect either one or both of the nitro groups. 


NO> NO3 
HNO3 HNO3 DES Or AnaM Fe or Zn , HCI 
— — 
H2S04 H2SO4 2 Naon NaOH 


NO» 


wrong regioisomer wrong regioisomer, 


possible mixture of products 


Now consider what will happen if the reduction is performed before the second nitration. The reduction will likely 
proceed smoothly; however, the following nitration step will be problematic. Under the acidic conditions employed 
during nitration, the amino group (an ortho/para-directing group) will be protonated to give an ammonium group, 


which is a meta-directing group. 
outcome 


18.28. 

(a) The following retrosynthetic analysis represents one 
strategy for preparing the desired compound. An 
explanation of each of the steps (a-c) follows. 


HO = OH 
O# +O 


a. The product can be prepared via bromination of 
the disubstituted ring shown. 

b. The disubstituted ring can be prepared via a 
Friedel-Crafts acylation. 

c. The monosubstituted ring (isopropylbenzene) can 
be prepared via a Friedel-Crafts alkylation. 


Now, let’s draw the forward scheme. First, an isopropyl 
group is installed via a Friedel-Crafts alkylation. Then, 
an acyl group is installed via a Friedel-Crafts acylation. 
During this acylation step, the isopropyl group directs 
the incoming acyl group into the para position. And 
finally, bromination will install the bromine atom in the 
correct location (ortho to the isopropyl group). 


Br 

1) (CH3)2CHCI, 

AICI, í 
> 

2) CH3COCI, 5 
AICl3 

3) Bro, AIBrs 

(CH3)2CHCI, 
AICls Bro, AIBr3 
CH3COCI, 


Therefore, nitration of aniline is not expected to give the desired regiochemical 


This strategy represents just one method for making the 
desired the compound. There are often other acceptable 
solutions. For example, after installation of the isopropyl 
group, the acyl group and the bromo group can be 
installed in the opposite order (first the bromo group and 
then the acyl group), although this would require a 
blocking group (to help direct the incoming bromo group 
into the ortho position). The first method (shown above) 
avoids the need for a blocking group. 


(b) The following retrosynthetic analysis represents one 
strategy for preparing the desired compound. An 
explanation of each of the steps (a-d) follows. 


a. The product can be prepared via reduction of the 
nitro group. 

b. The bromo group can be installed in the correct 
location based on the directing effects of the 
propyl group. 

c. The nitro group is installed in the para position 
via nitration. 

d. A propyl group is installed onto the ring via 
Friedel-Crafts acylation, followed by reduction. 


Now, let’s draw the forward scheme. First, a propyl 
group is installed via a Friedel-Crafts acylation, followed 
by a Clemmensen reduction. This transformation could 
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not have been achieved via direct alkylation (due to the 
problem of carbocation rearrangements). Then, a nitro 
group is installed in the para position because of the 
directing effects (and steric effects) of the propyl group. 
Bromination then installs the bromine atom in the correct 
location (ortho to the activating group), and finally, 
reduction of the nitro group gives the product. 


1) CH3CH2COCI, 


AICl3 
2) HCI, Zn(Hg), H2N Br 
heat 
O 3) HNO3, H2504 CL. 
4) Bro, AIBr3 
5) Zn, HCl 
6) NaOH 
1) CH3CH2COCI, 1) Zn, HCI 
AICl3 2) NaOH 
2) HCI, Zn(Hg), 
heat 
moe. 


The strategy above represents just one method for 
making the desired the compound. There are often other 
acceptable solutions. For example, the nitro group and 
the bromo group can be installed in the opposite order 
(first the bromo group and then the nitro group), 
although this would require a blocking group (to help 
direct the incoming bromo group into the ortho position). 
The first method (shown above) avoids the need for a 
blocking group. 


(c) While there is more than one way to achieve the 
desired transformation, the following strategy is perhaps 
the most efficient, as it avoids the need for a blocking 
group. The tert-butyl group is first installed, and its 
directing effects are exploited to install an amino group 
in the para position (installation of the amino group 
requires a two-step process — nitration, followed by 
reduction). Finally, chlorination in the presence of 
excess Cl2 gives the desired product (AlCl; is not used 
because the ring is highly activated). The regiochemical 
outcome of the final step is controlled by the electronic 
effects of the amino group (in concert with the steric 
effects of the tert-butyl group). 


Cl 
1) (CH3)3CCI, AICI, NH> 
2) HNO3, H2SO4 
l 
3) Zn, HCI 
4) NaOH cI 
excess Ch 


(CHs)3CCl, AICI; 


‘ORO 


(d) The following retrosynthetic analysis represents one 
strategy for preparing the desired compound. An 
explanation of each of the steps (a-c) follows. 


Cl 
Br Br 
= OL 
SO3H SO3H 
lj? 
r 
<= 


| 5) excess Clo 


1) HNOs, 
H2SO4 


2) Zn, HCI 
3) NaOH 


a. The product can be prepared via chlorination of 
the disubstituted ring shown. 

b. The disubstituted ring can be prepared via 
sulfonation. 


c. The monosubstituted ring (bromobenzene) can be 
prepared from benzene. 


Now, let’s draw the forward scheme. First, a bromine 
atom is installed via bromination in the presence of a 
Lewis acid. Then, a sulfonic acid group is installed. 
During this sulfonation step, the bromine atom directs 
the incoming sulfonic acid group into the para position. 
And finally, chlorination will install the bromine atom in 
the correct location (ortho to the ortho-para directing 
bromine atom). 


Cl 
Br. 
1) Bro, AlBr3 
© 2) Fuming H2804 
3) Ch, AlCl, SO3H 
Bra, AIBrs Ch, AlCl 


Br Br 
Cy Fuming H2SO4 Oh 
a 
SO3H 
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18.29. This transformation requires the installation of two groups, highlighted here: 


CF3 
N 
2 O O 
N 
H 


We begin by considering which of these two groups should be installed last. The nitro group is an electron- 
withdrawing substituent and a meta-director. The amide group is an electron-donating substituent and an ortho,para- 
director. Therefore, it makes sense for the last step of our synthesis to be nitration: 


CF3 CF3 
N 
2 o o 
=> 
À ' 
H H 
In this way, the amide group directs the final nitration step to occur in the desired location (para to the large amide 
group): 
CF3 
ON 
_HNO3 fe) 
so, 
i 
H 


Continuing the retrosynthetic analysis, the amide group can be prepared from the corresponding aniline derivative 
which, in turn, can be made from reduction of a nitro group, as shown here: 


CFs CF; CFs CFs 
o 
A = A = A = O 
my NH> NO> 
H 


In summary, our forward synthesis has the following sequence of events. 


CF3 
_HNOs © 1)Zn, HCL 
"HS, a 2)NaOH ae 


18.30. The ring contains a nitro group, as well as two aromatic substitution reaction can occur, but only if the 
leaving groups (chloride and bromide), and the reagent is leaving group is ortho or para to the nitro group. The 
a strong base (methoxide). As such, a nucleophilic bromine atom is meta to the nitro group, so the reaction 
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does not occur there. Instead, chloride functions as the 
leaving group, because it is para to the nitro group. 


Cl OCH3 
Br Br 
NaOCHs, 
—— ~ y 
heat 
NO2 NO2 


18.31. This transformation involves the installation of 
two groups: NH2 and OH. Thus far, we have only seen 
one way (SnAr) to install an OH group on an aromatic 
ring (we will see one other way in Section 18.14, and yet 
another method in Chapter 22). In order to install an OH 
group via an SnAr reaction, the ring must exhibit both a 
nitro group and a leaving group: 


can be converted can be reduced 
to an OH group to an amino group 


The chlorine atom can be replaced with an OH group, 
and the nitro group can be reduced to an amino group, 
giving the product. And the key intermediate above can 
be made in just two steps (chlorination, followed by 
nitration) 

The entire synthesis is shown below. Benzene is first 
treated with chlorine in the presence of a Lewis acid to 
give chlorobenzene, which is then treated with sulfuric 
acid and nitric acid, to give the key intermediate. The 
chlorine atom is then replaced with an OH group upon 
treatment with hydroxide, followed by aqueous acid 


work-up. Reduction of the nitro group affords the 
desired product. 
1) Cl, AlCl 
2) HNO3, H2SO4 YAN 
= HO NH 
¢ \ 3) NaOH, heat E 2 
4) H30* 
5) Zn, HCI 
Cl, 6) NaOH 1) Zn, HCI 
AlCl 2) NaOH 


18.32. 

(a) Each additional nitro group serves as a reservoir of 
electron density and provides for an additional resonance 
structure in the Meisenheimer complex, thereby 
stabilizing the Meisenheimer complex and lowering the 
energy of activation for the reaction. 

(b) No, a fourth nitro group would not be ortho or para 
to the leaving group, and would not provide resonance 
stabilization for the Meisenheimer complex. Therefore, 
we do not expect the temperature requirement to be 
significantly lowered. 


18.33. The starting material is 4-chloro-2-methyl- 
toluene, shown here: 


4 


CI 
Upon treatment with sodium amide, two possible 
benzyne intermediates can form: 


a N 


Then, for each of these benzyne intermediates, the amide 
ion can attack either side of the triple bond, which means 
that the NH2 group is ultimately positioned at either C3, 
C4, or C5. Substitution at C4 yields the same product as 
substitution at C5 (because of symmetry), giving rise to 
only two products (rather than three): 


+ 
è N 
NH2 


18.34. We have not yet seen a direct method for 
installing a methoxy group on an aromatic ring, however, 
we have seen a way to install an OH group (via 
chlorination, followed by elimination-addition). A 
Williamson ether synthesis can then be used to methylate 
the oxygen atom, giving the product. 


1) Clo, AlCls 
- OCH; 
2) NaOH, 350°C 
3) CH3I 
Ch, AICls 


CHgI 


NaOH, 350°C 
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18.35. 

(a) The reagent is hydroxide, which is both a strong nucleophile and a strong base. However, the three criteria for 
SnAr are not met (the aromatic ring lacks a nitro group), and therefore, the reaction must occur via an elimination- 
addition mechanism (as seen in Mechanism 18.9). The elimination-addition mechanism is also indicated by the high 


temperature (350°C). 
Pig 
O -B0 FG > ta” H ae H 


Br 
` HTA 


Under the basic conditions employed, the resulting product (phenol) is deprotonated to give a phenolate ion: 
H =O 
{> ~ :0: 
o.. 
:OH Ò 
a 


This is why aqueous acid must be introduced into the reaction flask after the reaction is complete, in order to serve as a 
proton source to regenerate phenol: 


(b) These reagents provide a powerful electrophile, so the reaction must be an electrophilic aromatic substitution 
reaction. The first step of an electrophilic aromatic substitution reaction is formation of the electrophile that will react 
with the aromatic ring. This occurs when molecular bromine interacts with the Lewis acid to form a complex: 


(*FeBrs © © 
Br—Br: = = Br—Br—FeBr, 


Then, one of the rings attacks the complex to give a resonance stabilized intermediate (a sigma complex), which then 
loses a proton to restore aromaticity (electrophilic aromatic substitution): 


CA a Lee 


© 
Br—Br—FeBr3 Br Br 
DE e a 


g | 
Br BraFe—Bi 
Cry —— O — Ce 
———_——— <=—_ > 
© © 


+ FeBr} + HBr 


(c) The reagent (sodium amide) is a powerful nucleophile, and the three criteria for SNAr are met (a nitro group and a 
leaving group that are para to each other), so we expect an SnAr mechanism. In an SnAr reaction, the first step 
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involves the nucleophile attacking the aromatic ring to generate a resonance stabilized intermediate (a Meisenheimer 
complex). Loss of a leaving group then gives the product, as shown: 


I NH2 
D 
NaNH2 
> 
aN. Z 
o%a~o° oe 
\ NH> me 7 
L NH> L NH2 I. NH3 19 NH 
Ə © 
a a (F aoo D ap 
G iS oe) 3 
N, -N ON, £ 
oo`oP 0%@~0° 0*@>0° omoons 


18.36. The reagent (hydroxide) is a strong nucleophile and a strong base, and the three criteria for SvAr are not met 
(the aromatic ring does not have a nitro group), so we expect an elimination-addition reaction. Upon treatment with 
sodium hydroxide, two possible benzyne intermediates are initially formed: 


-0-0 


Then, for each of these benzyne intermediates, the hydroxide ion can attack either side of the triple bond, which means 
that the OH group is ultimately positioned at either C4, C5, or C6, giving rise to the following three products: 


1) NaOH, 350°C 
> HO + + 
2) H30* 
HO OH 
18.37. 


(a) First look at the reagents. Both the acid chloride and SnCl4 are electrophiles, so we can rule out SnAr and 
elimination-addition. Additionally, the reaction involves the substitution of an H in an aromatic ring (pyrrole) with 
another group so this must be an electrophilic aromatic substitution. Since a methyl ketone results from the 
substitution, this is a Friedel-Crafts acylation. 

Since the reaction is an electrophilic aromatic substitution, the intermediate formed must have a positive charge, as 
shown below. 


CI 


Br H 
CH3 
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(b) The Friedel-Crafts acylation first involves the formation of an acylium ion when the acid chloride displaces a 
chloride anion from the Lewis acid followed by the loss of SnCl4 leaving group. 


ad fA Y 
(ae c : oe 6° 


CI ~CHs Cl-Sn—CI ch ~> Sola E g 
Cl CH3 
Acylium ion 


© 
+ Cl 


Alternatively, the formation of the acylium could be drawn using a stepwise addition-elimination mechanism where the 
tin atom becomes pentavalent and then loses a chloride: 


cl—Sn—Cl toe P 
a = | c T © Cl o9 o® 
Ld a Si Sk r g JC > A 
Cl CHG `s cI OCH, Cl-Sn—CIN `Ch; Sieh E Ç 
oe cl< | ee | oe CH 
Qı Cl 3 


Acylium ion 


a) 
PE 
O 
Br E Br H 
| 
N CH3 CH3 CH3 
Py P 
N N@ 
\ \ 
H H 


(c) Friedel-Crafts reactions frequently fail when amines are present due to the reaction of the nucleophilic amine and 
the Lewis acid. Since the lone pair of the nitrogen is part of an aromatic system, it is very non-nucleophilic and does 
not interfere with the formation of the acylium ion. 
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18.38. 
shown again here: 


Fuming 
H2SO4 


Om 


HNO3, H2SO4 


© 


AlBr3 


18.39. 


The reagents for these reactions can be found in the Review of Reactions at the end of the chapter. They are 


HCI, Zn(Hg), heat 
ooo 


OH 


1) KMnO;, H20, heat 
2) H30* 


excess NBS 
heat 


Br3C 


H2N 


Alkyl groups are activating while halogens are deactivating toward electrophilic aromatic substitution. As 


such, the compound with two alkyl groups will be the most activated toward electrophilic aromatic substitution, while 


the compound with two halogens will be the least activated: 


Increasing Reactivity toward Electrophilic Aromatic Substitution 


wo © 


18.40. A nitro group is a strong deactivator. Therefore, 
among the four compounds, nitrobenzene is the least 
activated toward electrophilic aromatic substitution. The 
most activated ring is the one that exhibits two activators 
(OH and OMe). 


Oo O 


least activated most activated 
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18.41. 

(a) The reagents indicate a nitration reaction, so we 
must decide where the nitro group will be installed. The 
aromatic ring has one substituent (Br) which is an ortho- 
para director, so we expect nitration to occur at the ortho 
and para positions. Because of the size of the bromine 
atom, the para product is expected to predominate (a 
steric effect). 

NO, 


Br Br 


ON 

Major Minor 
(b) The reagents indicate a nitration reaction, so we must 
decide where the nitro group will be installed. The 
aromatic ring has one substituent (an isopropyl group) 
which is an ortho-para director, so we expect nitration to 
occur at the ortho and para positions. Because of the 
size of the isopropyl group, the para product is expected 
to predominate (a steric effect). 


NO2 
ON 


Major Minor 
(c) The reagents indicate a nitration reaction, so we must 
decide where the nitro group will be installed. The 
aromatic ring has one substituent (a nitro group) which is 
a meta director, so we expect nitration to occur at the 
meta position. 

ON NO2 


(d) The reagents indicate a nitration reaction, so we must 
decide where the nitro group will be installed. The 
aromatic ring has one substituent (a carbonyl group) 
which is a meta director, so we expect nitration to occur 


at the meta position. 
O 


ON 


(e) The reagents indicate a nitration reaction, so we must 
decide where the nitro group will be installed. The 
aromatic ring has one substituent (a methoxy group) 
which is an ortho-para director, so we expect nitration to 
occur at the ortho and para positions. The para product 
is likely to predominate (because of a steric effect). 
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OMe OMe 


ON 
Major Minor 

18.42. 

(a) These reaction conditions indicate a sulfonation 
reaction, so we must decide where the sulfonic acid 
group will be installed. The aromatic ring has one 
substituent (C1) which is an ortho-para director, so we 
expect sulfonation to occur at the ortho and para 
positions. For steric considerations, the para product 
(shown here) is likely to predominate over the ortho 


product. 
Hos jo 


(b) These reaction conditions indicate a sulfonation 
reaction, so we must decide where the sulfonic acid 
group will be installed. The aromatic ring has one 
substituent (OH) which is an ortho-para director, so we 
expect sulfonation to occur at the ortho and para 
positions. For steric considerations, perhaps the para 
product (shown here) predominates over the ortho 
product, although it is a close call in this case. The OH 
group is similar in steric bulk to a methyl group, and we 
know that a methyl group provides little steric bulk (for 
example, sulfonation of toluene is expected to produce a 
mixture of ortho and para products, and the major 
product is difficult to predict). 


Hos jo 


(c) These reaction conditions indicate a sulfonation 
reaction, so we must decide where the sulfonic acid 
group will be installed. The aromatic ring has one 
substituent (a carbonyl group) which is a meta director, 
so we expect sulfonation to occur at the meta position. 


o 
SO3H 


(d) These reaction conditions indicate a sulfonation 
reaction, so we must decide where the sulfonic acid 
group will be installed. The aromatic ring has two 
substituents (OH and NO2). The directing effects are 
controlled by the more highly activating group, which is 
the OH group. As an activator, this group is an ortho- 
para director, so we expect sulfonation to occur at the 
ortho and para positions. For steric considerations, the 
para product (shown here) is likely to predominate over 
the ortho product. 
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OH 
NO, 


SO3H 


(e) These reaction conditions indicate a sulfonation 
reaction, so we must decide where the sulfonic acid 
group will be installed. The aromatic ring has two 
substituents (Br and Me). The directing effects are 
controlled by the more highly activating group, which is 
the methyl group. As an activator, this group is an 
ortho-para director, so we expect sulfonation to occur at 
the ortho and para positions. However, the para 
position is already occupied (by the bromine atom). 
Therefore, sulfonation can only take place at the ortho 
positions. 


SO3H 


Br 


In this case, sulfonation at either ortho position leads to 
the same product. The two ortho positions are identical 
because of symmetry. Don’t be confused by the 
arbitrary location of the double bonds. It is less 
distracting if we draw the structure like this: 


SO3H 


Br 


(£) These reaction conditions indicate a sulfonation 
reaction, so we must decide where the sulfonic acid 
group will be installed. The aromatic ring has one 
substituent (a carboxylic acid group) which is a meta 
director, so we expect sulfonation to occur at the meta 
position. 

Oo 


SO3H 
HO 


(g) These reaction conditions indicate a sulfonation 
reaction, so we must decide where the sulfonic acid 
group will be installed. The aromatic ring has two 
substituents (methyl and ethyl). Both groups are weak 
activators, so all unoccupied aromatic positions are 
equally activated: 


Si 
ge 


These positions are differentiated from each because of 
steric factors. The ethyl group is larger than the methyl 
group, so the reaction is expected to occur ortho to the 
methyl group, rather than ortho to the more sterically 
bulky ethyl group. 


SO3H 


In this case, sulfonation at either ortho position leads to 
the same product. The two ortho positions are identical 
because of symmetry. Don’t be confused by the 
arbitrary location of the double bonds. It is less 
distracting if we draw the structure like this: 


SO3H 


18.43. Each of these substituents appears in Table 18.1. 
(a) This group is an activator and an ortho-para director. 
(b) This group is an activator and an ortho-para director. 
(c) This group is an activator and an ortho-para director. 
(d) This group is a deactivator and an ortho-para 
director. 

(e) This group is a deactivator and a meta-director. 

(f) This group is a deactivator and a meta-director. 

(g) This group is a deactivator and a meta-director. 

(h) This group is a deactivator and a meta-director. 

(i) This group is a deactivator and an ortho-para director. 
(j) This group is a deactivator and a meta-director. 


18.44. There are four aromatic rings, labeled A — D. 
Ring A is the most activated, because it exhibits a group 
that is a strong activator (an amino group). Ring D is 
moderately activated because it is connected to the 
oxygen atom of an ester. Ring B is weakly activated 
because it is connected to an alkyl group. And finally, 
ring C is deactivated because it is connected to a 
carbonyl group (a moderate deactivator). 
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B O D 
Increasing reactivity toward electrophilic 
aromatic substitution 
c B D A 
18.45. 


(a) The reagents indicate a Friedel-Crafts alkylation 
reaction (methylation), so we must decide where the 
methyl group will be installed. The aromatic ring has 
one substituent (C1) which is an ortho-para director, so 
we expect methylation to occur at the ortho and para 


positions. 
Cl Cl 
» CY 


The latter is likely the major product because of steric 
considerations. 


(b) This aromatic ring is moderately deactivated and will 
therefore not undergo a Friedel-Crafts alkylation. 


(c) This aromatic ring is strongly deactivated and will 
therefore not undergo a Friedel-Crafts alkylation. 


(d) The reagents indicate a Friedel-Crafts alkylation 
reaction (methylation), so we must decide where the 
methyl group will be installed. The aromatic ring has 
one substituent (Et) which is an ortho-para director, so 
we expect methylation to occur at the ortho and para 


positions. 


The latter is expected to be the major product because of 
steric considerations. 


(e) The reagents indicate a Friedel-Crafts alkylation 
reaction (methylation), so we must decide where the 
methyl group will be installed. The aromatic ring has 
two substituents (I and Me). The directing effects are 
controlled by the most strongly activating group. 
Therefore, in this case, the methyl group controls the 
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directing effects. As an activator, this group is an ortho- 
para director. However, one of the ortho positions is 
already occupied (by the other substituent). Therefore, 
methylation will occur at the position that is ortho or 
para to the methyl group, shown here: 


I I 
TL . 
The former is expected to be the major product because 
of steric considerations. 


(f) The reagents indicate a Friedel-Crafts alkylation 
reaction (methylation), so we must decide where the 
methyl group will be installed. The aromatic ring has 
two substituents (propyl and methyl). Both groups are 
weak activators, and ortho-para directors. Therefore, we 
expect the following two products: 


oY O~ 


The former is expected to be the major product because 
of steric considerations. 


(g) This aromatic ring has two substituents, and both are 
moderately deactivating. As such, the ring is too 
deactivated to undergo a Friedel-Crafts alkylation. 


(h) The reagents indicate a Friedel-Crafts alkylation 
reaction (methylation), so we must decide where the 
methyl group will be installed. The aromatic ring has 
two substituents (the oxygen atom of an ester, and an 
alkyl group). The directing effects are controlled by the 
most strongly activating group. Therefore, in this case, 
the ester group controls the directing effects. As an 
activator, this group is an ortho-para director. However, 
one of the ortho positions is already occupied (by the 
other substituent). Therefore, methylation will occur at 
the positions that are ortho and para to the ester group, 


shown here: 
O O 
O + O 


The latter is expected to be the major product because of 
steric considerations. 


18.46. 
(a) The reagents indicate a bromination reaction, so we 
must decide where the bromine atom will be installed. 
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The aromatic ring has one substituent (Br) which is an 
ortho-para director, so we expect bromination to occur 
at the ortho and para positions. For steric 
considerations, the para product (shown here) is likely to 
predominate over the ortho product. 


Br 


Br 


(b) The reagents indicate a bromination reaction, so we 
must decide where the bromine atom will be installed. 
The aromatic ring has one substituent (NO2) which is a 
meta director, so we expect bromination to occur at the 
meta position: 

NO2 


Br 


(c) The reagents indicate a bromination reaction, so we 
must decide where the bromine atom will be installed. 
The aromatic ring has two substituents (both methyl 
groups). Both groups are ortho-para directors, so all 
four unoccupied positions are activated: 


“Cy 
ae a 


Because of symmetry, there are only two unique 
locations where bromination can occur: 


ve 


For steric considerations, the following product is 
expected to predominate. 


Br 


(d) The reagents indicate a bromination reaction, so we 
must decide where the bromine atom will be installed. 


The aromatic ring has one substituent (a tert-butyl group) 
which is an ortho-para director. The tert-butyl group is 
sterically bulky, so we expect the para product (shown 
here) to predominate over the ortho product. 


T72: 


(e) The reagents indicate a bromination reaction, so we 
must decide where the bromine atom will be installed. 
The aromatic ring has one substituent (a sulfonic acid 
group) which is a meta director, so we expect 
bromination to occur at the meta position: 


SO3H 


ou 


(f) The reagents indicate a bromination reaction, so we 
must decide where the bromine atom will be installed. 
The aromatic ring has one substituent (a carboxylic acid 
group) which is a meta director, so we expect 
bromination to occur at the meta position: 


O OH 


Ò, 


(g) The reagents indicate a bromination reaction, so we 
must decide where the bromine atom will be installed. 
The aromatic ring has one substituent (a carbonyl group) 
which is a meta director, so we expect bromination to 
occur at the meta position: 


i H 
Br 
(h) The reagents indicate a bromination reaction, so we 
must decide where the bromine atom will be installed. 
The aromatic ring has two substituents (two bromine 


atoms). Both groups are ortho-para directors, so we 
expect these groups to direct to all four positions: 
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Because of symmetry, there are only two unique 
locations where bromination can occur: 


LS as 
wae 


For steric considerations, the following product is 
expected to predominate. 


Br Br 


Br 


(i) The reagents indicate a bromination reaction, so we 
must decide where the bromine atom will be installed. 
The aromatic ring has two substituents: a methyl group 
(activator) and a nitro group (deactivator). The directing 
effects are controlled by the most strongly activating 
group. Therefore, in this case, the methyl group controls 
the directing effects. As an activator, this group is an 
ortho-para director, thereby activating the following 
three locations, one of which is sterically hindered: 


sterically 
hindered 
Ss 2 
fl NO2 


Among the remaining two positions, the position next to 
the nitro group is probably more hindered than the 
position next to the methyl group. So, we predict that 
bromination will occur predominantly near the methyl 


group: 


Br. 


NO 


(j) The reagents indicate a bromination reaction, so we 
must decide where the bromine atom will be installed. 
The aromatic ring has two substituents (two bromine 
atoms). Both groups are ortho-para directors, so we 
expect these groups to direct to the following three 
positions, one of which is too sterically hindered: 


sterically 
hindered 


Br. Br 
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The remaining two positions are identical by symmetry. 
That is, bromination at either position will generate the 
same product: 

Br. Br 


Br 


(k) The reagents indicate a bromination reaction, so we 
must decide where the bromine atom will be installed. 
The aromatic ring has two substituents (two bromine 
atoms), both of which are ortho-para directors, so we 
expect these groups to direct to all four positions (all of 
which of which are ortho to one of the halogens). 
Indeed, all four positions are equivalent by symmetry 
anyway. Bromination will install a third bromine atom 
which can be drawn in any of the four unoccupied 
positions (all are identical): 


Br 
Br 


Br 


18.47. There are two aromatic rings, and each ring has 
two substituents. For each ring, the directing effects are 
controlled by the most strongly activating group. 
Therefore, in this case, the OR group (a moderate 
activator) controls the directing effects for each ring 
(rather than the tert-butyl groups, which are weak 
activators). As an activator, the OR group is an ortho- 
para director. However, in each ring, one of the ortho 
positions is already occupied (by the tert-butyl group). 
Therefore, nitration can occur at the following locations: 


O 


Vrs 


However, two of these locations are sterically hindered, 
so we only expect nitration at the remaining two 
(unencumbered) positions: 


A 


HNO; / H2SO4 


ot 
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18.48. 


In acidic conditions, 2-methylpropene is protonated to give a tertiary carbocation, which can function as an 


electrophile in an electrophilic aromatic substitution reaction. The aromatic ring attacks the carbocation to give a 
resonance stabilized intermediate (sigma complex), followed by deprotonation which restores aromaticity. In aqueous 
acidic conditions, the proton source is H30* (in the beginning of the mechanism), and the base is H20 (at the end of the 


mechanism). 


be 
~~ H 


aa H H H 
E @ ov sy 
a a <=—_P —_—_P —_——_—_ 
®© 


18.49. 

(a) This is an electrophilic aromatic substitution reaction, 
and before we can draw the two steps of the process, we 
must begin by drawing formation of the electrophilic 
complex that will react with the aromatic ring. This 
occurs when molecular chlorine (Cl2) attacks the Lewis 
acid, forming an electrophilic complex. 


Ce. 


Cl Ci: = 


@ oO 
CI—CI—AICI, 


This complex serves as a delivery agent of Cl” (a 
powerful electrophile). The aromatic ring then functions 
as a nucleophile and attacks the electrophilic complex. 
The resulting intermediate sigma complex then loses a 
proton to restore aromaticity. 


H Cl 
O Ch, ACh CY ~os 
+ HCI 
nE © 
| ALE -Ror CIC AICl, 


> 


© H H H 
CI Cl cl 
© ® 


The base for the final step is AlCl4 . When it removes a 
proton, thereby re-establishing aromaticity, HCl is 
generated as a byproduct and the Lewis acid (AICls) is 
regenerated (its function is catalytic). 


(b) In the presence of sulfuric acid, nitric acid can be 
protonated, followed by loss of water to give a nitronium 
ion: 


oO 
i H2SO4 I 
CoS GH T Nn 
ee O 
"s nitronium ion 


The aromatic ring then functions as a nucleophile and 
attacks the nitronium ion. The resulting intermediate 
sigma complex then loses a proton to restore aromaticity. 
Water is the likely base for the final deprotonation step, 
since water is present (and there are no strong bases 
present in strongly acidic conditions). 


H NO2 
®xo, 
(6) 
L 
NAS [oct 
oe 
H NOs H NO, H NO, 
© ® 
=P =P 
© 
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(c) This is an electrophilic aromatic substitution reaction (called sulfonation). As for all electrophilic aromatic 
substitution reactions, there are two key steps. First, the aromatic ring functions as a nucleophile and attacks the 
electrophilic species (SO3). Then, the resulting intermediate sigma complex loses a proton to restore aromaticity. 
Notice that the product is an anion, which is protonated under these acidic conditions, as shown: 


1.0 
l N tty Q on 
Fuming H2SO, \ LOLS 
or _ g H2904 ` Y> H H O 
sn-H 


H 
= `O; 
j ‘$ 
T I © Q O 
S-09 S-O S-O 
I <> i =< I 
O © oO @ O 


(d) This is a Friedel-Crafts alkylation process, which begins with the formation of the electrophilic complex that will 
react with the aromatic ring. Methyl chloride attacks the Lewis acid, forming an electrophilic complex. This complex 
serves as a delivery agent of H3C*. The aromatic ring functions as a nucleophile and attacks the electrophilic complex. 
The resulting intermediate sigma complex then loses a proton to restore aromaticity, as shown: 


o H H H 
> => =>, 
© © 


© 
CI-AICl, 


CT: HCl + AlCl3 


The base for the final step is AICl4 . When it removes a proton, thereby re-establishing aromaticity, HCl is generated 
as a byproduct and the Lewis acid (AICls) is regenerated (its function is catalytic). 
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(e) This is an electrophilic aromatic substitution reaction, 
and before we can draw the two steps of the process, we 
must begin by drawing formation of the electrophilic 
complex that will react with the aromatic ring. This 
occurs when molecular bromine (Brz) attacks the Lewis 
acid, forming an electrophilic complex. 


Bro 


| Fe 
[~N FeBr3 


a © © 
Br—Br = Br—Br—FeBr3 


This complex serves as a delivery agent of Br’ (a 
powerful electrophile). The aromatic ring then functions 
as a nucleophile and attacks the electrophilic complex. 
The resulting intermediate sigma complex then loses a 


proton to restore aromaticity. 
Br 
CY + FeBr3 
+ HBr 


on 
(©) 
Br—-FeBrs3, 
@ 


© Oo 
| BrP —repr, 
H H 
Br Br Br 
=~ => 
©) © 


The base for the final step is FeBra . When it removes a 
proton, thereby re-establishing aromaticity, HBr is 
generated as a byproduct and the Lewis acid (FeBrs) is 
regenerated (its function is catalytic). 


Bro, FeBr3 


18.50. 

(a) This is an electrophilic aromatic substitution reaction, 
and before we can draw the two steps of the process, we 
must begin by drawing formation of the electrophilic 
complex that will react with the aromatic ring. This 
occurs when I-Cl attacks the Lewis acid, forming an 
electrophilic complex. 


{™~ AICI, 


I-—Ck = 


© © 
I—CI— AlCl; 


This complex serves as a delivery agent of I". The 
aromatic ring then functions as a nucleophile and attacks 
the electrophilic complex. The resulting intermediate 
sigma complex then loses a proton to restore aromaticity. 


H I 
of Cr + AlCl 
+ HCI 
© © CL-AICI 
XSi — Ach . 


S 
Pe 


The base for the final step is AICl4 . When it removes a 
proton, thereby re-establishing aromaticity, HCl is 
generated as a byproduct and the Lewis acid (AlCl) is 
regenerated (its function is catalytic). 


ICI, AICI, 
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(b) This transformation occurs via two successive electrophilic aromatic substitution reactions. The process begins 
with formation of the electrophilic complex that will react with the first aromatic ring. Methylene chloride (CH2Cl2) 
attacks the Lewis acid, forming an electrophilic complex. This complex serves as a delivery agent of CIH2C*. The 
aromatic ring functions as a nucleophile and attacks the electrophilic complex. The resulting intermediate sigma 
complex then loses a proton to restore aromaticity, giving benzyl chloride. Then, all of the previous steps (formation of 
the electrophilic complex, followed by the two steps of an electrophilic aromatic substitution reaction) are repeated 
again, as shown, giving the product (diphenylmethane). Notice that, for each deprotonation step, the base is AlCla . 
When it removes a proton, HCl is generated as a byproduct and the Lewis acid (AICls) is regenerated (its function is 


catalytic): 


`~ N 


oot hoa È a 
on j 


—— 


i 
cl—C— Gi: 
cAch 


+ HCI + AlCl 


AlCl, 


18.51. The substituent (Cl) is replaced with a different 
substituent (OMe). Therefore, this is an aromatic 
substitution reaction. The reagent (methoxide) 

nucleophilic, so we must determine whether this reaction 


(chloride), and 2) there is an electron-withdrawing group 
(the carbonyl group is electron withdrawing via 
resonance), and 3) the leaving group is para to the 
electron-withdrawing group. Therefore, we draw an 


occurs via an SnAr mechanism or via an elimination- 
addition mechanism. All three criteria for an SnAr 
mechanism are met: 1) there is a leaving group 


SnAr mechanism. In the first step, methoxide functions 
as a nucleophile and attacks the aromatic ring at the 
position bearing the leaving group, thereby forming an 


www.MyEbookNiche.eCrater.com 


674 CHAPTER 18 


intermediate Meisenheimer complex. Then, a leaving 
group (chloride) is ejected, restoring aromaticity, and 
giving the product, as shown. 


CRQ = COD 


aise 
GEAN 
18.52. 7 


(a) The reagents indicate the installation of a nitro 
group, followed by its reduction to an amino group. To 
determine where this group is installed, recall that the 
directing effects are controlled by the most strongly 
activating group. In this case, the methyl group is the 
only activating group (albeit weakly activating), so it 
controls the directing effects. As an activator, this group 
is an ortho-para director. However, the para position is 
already occupied (by the other substituent). Therefore, 
the group is installed in a position that is ortho to the 
methyl group. 


NH2 
1) HNO3 / H2804 
2) Zn, HCI 
3) NaOH 
Br Br 
NO2 
HNO3 1) Zn, HCI 
H2SO,4 2) NaOH 
Br 


In this case, both ortho positions are equivalent because 
of symmetry, so the group can be drawn in either ortho 
position (don’t be distracted by the arbitrary placement 
of the double bonds in the aromatic ring): 


Br Br 


(b) The starting material is para-xylene, in which the 
following four positions are identical (because of 
symmetry): 


Ss 
ga 


a 
Sy 


Therefore, installation of a third group leads to only one 
regiochemical outcome. Each group weakly activates 
the ring, so this compound will readily undergo a 
Friedel-Crafts acylation reaction, thereby installing an 
acyl group on the ring. Then, in the second step, the 
carbonyl group is reduced, giving the product shown: 


1) AICI , 
O 


eae 


2) Zn(Hg), HCl, 
heat 


fno, HCI, 
Oo heat 


(c) The aromatic ring has only one substituent (an 
isopropyl group), which is an activator and therefore an 
ortho-para director. The ortho positions are sterically 
hindered (by their proximity to the bulky isopropyl 
group), so an electrophilic aromatic substitution reaction 
is expected to occur predominantly at the para position. 
In the first step, a Friedel-Crafts alkylation is used to 
install a methyl group in the para position. Then, both 
alkyl groups are oxidized to give a diacid, as shown: 


COOH 
1) CHCI, AICI 

2) KMnO; , H2O, heat 

3) H,0* 


COOH 
2) KMnO; , H20, 
heat 
3) H30* 


(d) The aromatic ring has only one substituent (a tert- 
butyl group), which is an activator and therefore an 
ortho-para director. The ortho positions are very 
sterically hindered (by their proximity to the bulky tert- 
butyl group), so an electrophilic aromatic substitution 
reaction is expected to occur almost exclusively at the 
para position. In the first step, a Friedel-Crafts 
alkylation is used to install a methyl group in the para 
position. Then, in the next step, the benzylic protons are 
replaced with bromine atoms. The tert-butyl group does 
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not have any benzylic protons, so no bromine atoms are 
installed in that location. Only the methyl group 


undergoes benzylic bromination (exhaustively), as 
shown: 
1) CH3Cl, 
AICI 
2) excess 
NBS, Br3C 
heat 
excess 
CH;Cl, NBS 


AICI, 


18.53. 

(a) Installation of the amino group requires a two-step 
process (nitration, followed by reduction), while 
installation of the bromine atom can be achieved in just 
one step. 

Now let’s consider the order of events. These two 
groups must be installed in a meta fashion, but both 
groups are ortho-para directors. Installation of these two 
groups (in either order) does not appear to give the 
desired meta substitution pattern. However, recall that 
installation of the amino group requires two steps. The 
first step is nitration, and a nitro group is a meta-director. 
So, we can achieve the desired transformation by 
performing the bromination process after the nitration 
process but before the reduction process, as shown here: 


A oy 


1) HNO3, H2SO, 
oa tee 


2) Bro, AIBr3 
3) Zn, HCI 
4) NaOH 
a ) Na 1) Zn, HCI 
3 
HSO, 2) NaOH 


ON ON Br 
GQ Bro, AlBr3 {LY 
+ 


(b) Installation of the amino group requires two steps 
(nitration, followed by reduction), while installation of 
the ethyl group can be achieved in just one step (via a 
Friedel-Crafts alkylation). The substituents must be 
installed in a meta fashion, yet both substituents are 
ortho-para directors. To circumvent the problem, we 
consider utilizing the meta-directing effects of the nitro 
group to achieve the desired regiochemical outcome: 


Q 


\ / 
C- Ww 
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However, this strategy will not succeed because the 
middle step is flawed. Specifically, a Friedel-Crafts 
alkylation cannot be performed on a strongly deactivated 
ring (such as nitrobenzene). Therefore, we must find 
another way to install the two groups in a meta fashion. 
The trick that we used in the solution to Problem 19.57a 
can be used here again. That is, we install the ethyl 
group via a two-step process (Friedel-Crafts acylation, 


followed by reduction): 

O- +O 
By installing the ethyl group in this way, we can 
capitalize on the directing effects of the carbonyl group, 
before reducing it. As seen below, a Friedel-Crafts 
acylation installs an acyl group, which is a meta-director. 
Subsequent nitration allows for the installation of a nitro 


group in the meta position. And finally, reduction (of 
both groups) gives the product, as shown. 


HoN 
1) CH3COCI, AICls 
— mr 
2) HNO3, H2SO4 
) 
) 


HCI, Zn(Hg), heat 
NaOH 

1) HCI, Zn(Hg), heat 
2) NaOH 


O 


CH;COClI, AICI, 


ON 
HNO3, 


H»SO, 


18.54. 

(a) The second step of the synthesis will not work, 
because a strongly deactivated ring will not undergo a 
Friedel-Crafts alkylation. The product of the first step, 
nitrobenzene, will be unreactive in the second step. 

(b) The second step of the synthesis will not efficiently 
install a propyl group, because a carbocation 
rearrangement can occur, which can result in the 
installation of an isopropyl group. A mixture of products 
is expected. 

(c) The second step of the synthesis will not install the 
acyl group in the meta position. It will be installed in a 
position that is either ortho or para to the bromine atom. 

(d) The second step of the synthesis will not install the 
bromine atom in the ortho position, because of steric 
hindrance from the tert-butyl group. Bromination will 
occur primarily at the para position. 


18.55. 

(a) This compound has two aromatic rings, each of 
which is monosubstituted. One aromatic ring (left) is 
connected directly to a carbonyl group and is therefore 
deactivated. The other aromatic ring (right) is connected 
to a methylene group (CH2) and is therefore activated 
(the substituent is treated like an alkyl group). So, we 
expect monobromination to occur on the activated ring. 
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Since the substituent is an activator, it must also be an 
ortho-para director. The ortho positions are sterically 
hindered (by the large substituent), so the reaction is 
expected to occur predominantly at the para position, 


indicated here: 


(b) This compound has two aromatic rings, each of 
which is monosubstituted. One aromatic ring (left) is 
connected directly to a carbonyl group and is therefore 
deactivated. The other aromatic ring (right) is connected 
to a nitrogen atom and is therefore activated. So, we 
expect monobromination to occur on the activated ring. 
Since the substituent is an activator, it must also be an 
ortho-para director. The ortho positions are sterically 
hindered (by the large substituent), so the reaction is 
expected to occur predominantly at the para position, 
indicated here: 


(c) This compound has two aromatic rings. The ring on 
the left has one only substituent, which is an activator. 
The ring on the right has two substituents: an activator 
and a deactivator. As such, we expect monobromination 
to occur on the left ring, which is more activated. Since 
the substituent (on the left ring) is an activator, it must 
also be an ortho-para director. The ortho positions are 
sterically hindered (by the large substituent), so the 
reaction is expected to occur predominantly at the para 


position, indicated here: 
(©) 


eA 


18.56. The reagent is sodium amide, which is strongly nucleophilic and strongly basic. The three criteria for SNAr are 
not met (the aromatic ring lacks a nitro group), and therefore, the reaction must occur via an elimination-addition 
mechanism (as seen in Mechanism 18.9), shown here. The benzyne intermediate can be attacked on either side of the 


triple bond, leading to the two products shown: 


Br 
DH” SNH 


NH> H NH3 
ON Z pA 
‘NH2 “© H4 H 
= 
ÆA N H 
I 
© NH» Tver NH2 


18.57. Phenol has only one substituent (OH) connected to the aromatic ring. This group is a strong activator, and is 
therefore an ortho-para director. If conditions are controlled such that three nitro groups are installed, then we expect 
the three nitro groups to be installed at the ortho and para positions, as shown: 


OH 


OH 
NO> 


NO, 


2,4,6-trinitrophenol 
(picric acid) 
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18.58. The starting material is benzene, and the product exhibits a disubstituted aromatic ring. This will require two 
successive aromatic substitution reactions. The reagent (the diol) is not a very strong nucleophile, nor is it a very 
strong electrophile. However, in acidic conditions, the diol exists in equilibrium with a very powerful electrophile (a 
carbocation), as shown: 


H 
| 
So? 
HO LNR SNH. HO @ LH - H20 HO 
on =—$=—_ O men @ 
H 


As seen above, one of the OH groups can be protonated, giving an excellent leaving group, which can leave to give a 
tertiary carbocation. Since the reagent is electrophilic, we expect that the reaction will proceed via electrophilic 
aromatic substitution. Accordingly, the aromatic ring attacks the carbocation to give an intermediate sigma complex, 
which then loses a proton to restore aromaticity: 


OH 


OH OH R OH 
<< jt H 
©] ® 


The entire process is then repeated again, except this time, the reaction will proceed in an intramolecular fashion, 
closing a ring. The OH group is protonated to give an excellent leaving group, which can leave to give a tertiary 
carbocation. The aromatic ring attacks the carbocation in an intramolecular process to give an intermediate sigma 
complex, which then loses a proton to restore aromaticity: 


H 


| (©) 
g AOR, pie 


H 


Since aqueous acidic conditions are employed (H2SOs is generally dissolved in water), the proton source throughout 
the mechanism has been H30*, and the base has always been H20, to be consistent with acidic conditions. 


18.59. These reagents will achieve the installation of an dialkylation, which means that two isopropyl groups are 


isopropyl group on the aromatic ring. The problem installed. After installation of the first isopropyl group, 
statement indicates that conditions will favor the second isopropyl is expected to be installed 
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predominantly in the para position (because alkyl groups 
are ortho-para directors, and the ortho positions are 
sterically hindered by their proximity to the isopropyl 


group): 


18.60. A chlorine atom is placed at the para position, 
and a resonance-stabilized positive charge is formed, as 
shown: 


CH3 CH3 CH3 
© 
<< << 
© © 
H Cl H Cl H Cl 


18.61. 

(a) Toluene is the only compound with an activated ring, 
and it is expected to undergo a Friedel-Crafts reaction 
most rapidly. The methyl group is an ortho-para 
director, so we expect a mixture of ortho and para 
products (ortho-ethyltoluene and para-ethyltoluene): 


Generally, para substitution products are favored over 
ortho substitution products because of steric factors, 
However, a methyl group provides only a small amount 
of steric hindrance, and therefore, the product 
distribution is difficult to predict. That is, we cannot 
predict which product will predominate, and it will likely 
be sensitive to the conditions employed. 


(b) Anisole (methoxybenzene) exhibits the most 
activated ring, and it is therefore expected to undergo a 
Friedel-Crafts reaction most rapidly. The methoxy group 
is an ortho-para director, so we expect a mixture of 
ortho and para products, although the para product is 
expected to predominate because of steric factors: 

OCH; 


OCH; OCH; 


EtCl 
—> 
AlCls 


18.62. The molecular formula indicates five degrees of 
unsaturation, which accounts for the aromatic ring (four 
degrees) and the ester group (1 degree). The aromatic 


ring accounts for six of the eight carbon atoms, so the 
ester group can only have two carbon atoms. The 
following two structures fit this description: 


O 
O 
o^ ne 
O 
Compound A Compound B 


Compound A must be the compound in which the 
carbonyl group is connected directly to the aromatic ring, 
because bromination of compound A leads to only one 
product. Recall that the carbonyl group is a meta 
director, and both meta positions are identical, which 
explains why there is only one monobromination 
product. In contrast, compound B exhibits an activating 
group, which is an ortho-para director. As such, we 
expect two monobromination products (bromination can 
occur at either the ortho position or the para position). 


18.63. 

(a) The starting material is methoxybenzene (anisole) 
and the product has two additional substituents, located 
at the ortho and para positions. The bromine atom is 
installed in just one step (bromination), and the nitro 
group can also be installed in just one step (nitration). 
The methoxy group is an ortho-para director, although 
substitution at the para position will likely predominate 
because of steric factors. Therefore, we must first 
perform the bromination reaction, thereby installing the 
bromine atom in the correct location. Note that no Lewis 
acid is required, as the ring is moderately activated; just 
one equivalent of Br2 would be used. And finally, we 
perform a nitration reaction which installs the nitro group 
in the position that is ortho to the moderately activating 
methoxy group. 


OCH3 OCH; 
NO 
1) Bry 2 
2) HNO3, H2SO4 
OCH; a 
Bro HNOs, H2804 
Br 


(b) The starting material is methoxybenzene (anisole) 
and the product has two additional substituents, located 
at the ortho and para positions. The bromine atom is 
installed in just one step (bromination), and the nitro 
group can also be installed in just one step (nitration). 
The methoxy group is an ortho-para director, although 
substitution at the para position will likely predominate 
because of steric factors. Therefore, we must first 
perform the nitration reaction, thereby installing the nitro 
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group in the correct location. And then, we perform a 
bromination reaction which installs the bromine atom in 
the position that is ortho to the moderately activating 
methoxy group. 


OCH; OCH3 
B 
1) HNOs, H2SO4 r 
> 
2) Bro, AlBr3 
OCH; Nö: 
HNO», Bro, AlBr3 
H2SO4 
NO» 


(c) The starting material exhibits an aromatic ring with 
only one substituent (an isopropyl group). In the 
product, the isopropyl group has been converted into a 
carboxylic acid, which can be achieved via benzylic 
oxidation with a strong oxidizing agent. In addition, a 
nitro group must be installed. Now we must determine 
the order of events. Both substituents (in the product) 
are meta directors, yet they are ortho to each other. 
Therefore, we must install the nitro group before the 
isopropyl group is oxidized, thereby relying on the 
ortho-para directing effects of an isopropyl group. A 
blocking group must be used because the isopropyl 
group provides steric bulk that would otherwise favor 
nitration at the para position, rather than the ortho 
position. By blocking the para position, we can perform 
a nitration reaction, thereby installing the nitro group in 
the desired location. Removing the blocking group, 
followed by oxidation of the benzylic position, gives the 
desired product. 


oO OH 
NO 
1) Fuming H2SO4 2 
— > 
2) HNO3, H2SO4 
3) Dilute H2SO4 
4) KMnO;, H2O, heat A 
5) H30* 1) KMnO,, 
H20, 
Fuming H2804 heat 
y 2) H30* 
bV 
So 
a | NO2 
S or 
SO3H 
NO 
HNOs, Dilute 
> 
H2504 H2504 
SO3H 
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(d) The starting material exhibits an aromatic ring with 
only one substituent (an isopropyl group). In the 
product, the isopropyl group has been converted into a 
carboxylic acid, which can be achieved via benzylic 
oxidation with a strong oxidizing agent. In addition, a 
nitro group must be installed. Now we must determine 
the order of events. Both substituents (in the product) 
are meta directors, and they are indeed meta to each 
other. Therefore, we simply oxidize the benzylic 
position, and then perform a nitration reaction to give the 
desired product. 


Ox. OH 
1) KMnO4, H20, heat 
2) H30* 
3) HNO3, H2SO4 NO2 
1) KMnO, O. .OH 
H2O, 
heat 
2) H,0* HNOs, 
H2504 


Note that an isopropyl group is an ortho-para director, 
but the desired nitration reaction must occur at the meta 
position, so nitration cannot be the first step of our 
synthesis. We must first convert the alkyl group (which 
is an ortho-para director) into a carboxylic acid group 
(which is a meta director). 


18.64. 

(a) The reagents indicate a chlorination reaction, so we 
must decide where the chlorine atom will be installed. 
The directing effects are controlled by the most strongly 
activating group. In this case, none of the groups are 
activators, but the halogen is at least an ortho-para 
director, and therefore controls the directing effects 
(rather than the ester groups, which are meta-directing). 
The two ortho positions are already occupied (by the 
other substituents). Therefore, chlorination is expected 
to occur at the position that is para to the bromine atom. 
This is consistent with the directing effects of the ester 
groups as well. 


O Br O 


CI 


(b) The reagents indicate a nitration reaction, so we must 
decide where the nitro group will be installed. The 
directing effects are controlled by the most strongly 
activating group. Therefore, in this case, the methoxy 
group controls the directing effects. As an activator, this 
group is an ortho-para director. However, one of the 
ortho positions is already occupied (by a methyl 
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substituent). That leaves two possible locations: the 
remaining ortho position and the para position. The 
former is too sterically hindered and the reaction is not 
likely to occur there. Therefore, we expect nitration to 
occur in the para position, giving the following product. 


ON 


OCH; 


(c) The reagents indicate a sulfonation reaction, so we 
must decide where the sulfonic acid group will be 
installed. The aromatic ring has two substituents (tert- 
butyl and methyl). Both groups are weak activators, and 
ortho-para directors. Because of steric factors, we 
expect the sulfonic acid group to be installed ortho to the 
methyl group, rather than ortho to the large tert-butyl 


group. 
SO3H 


(d) The reagents indicate a nitration reaction, so we must 
decide where the nitro group will be installed. The 
directing effects are controlled by the most strongly 
activating group. Therefore, in this case, the OH group 
controls the directing effects. As an activator, this group 
is an ortho-para director. However, one of the ortho 
positions and the para position are already occupied (by 
the other substituents). Therefore, nitration can only 
occur in the remaining position that is ortho to the OH 
group, giving the following product. 


NO, 
HO 


Br NO 


18.65. The reagents indicate a bromination reaction, so 
we must decide where the bromine atom will be 
installed. The directing effects are controlled by the 
most strongly activating group(s). The methyl groups 
are weakly activating and the bromo groups are weakly 
deactivating. Therefore, in this case, the methyl groups 
control the directing effects. Both of the methyl groups 
are directing to the same location (ortho and para to the 
methyl groups): 


Br Br Br 


Br Br 


18.66. 
(a) There are two possible pathways to consider, based 
on which C-C bond is to be formed: 


OO 


Let’s consider one of these pathways (forming the bond 
on the left). Forming this bond via a Friedel-Crafts 
acylation would require the following starting materials: 


O 
ON o 
O OCH; 
l a 
“O AA 
OCH; 


Indeed, the nitro group of nitrobenzene is meta-directing, 
so the regiochemistry is correct. However, we must 
remember that a Friedel-Crafts acylation cannot be 
performed on an aromatic ring that is strongly 
deactivated. Since nitrobenzene is strongly deactivated, 
this pathway is not feasible. So, we must explore the 
other possible pathway, forming this bond: 


oO 


ON < 
b ~OCH3 


Forming this bond via a Friedel-Crafts acylation would 
require the following starting materials: 


fe) 
ON 
+ 
OCH; 


The methoxy group is an ortho-para director, and para 
substitution is expected to predominate (because of steric 
factors), giving rise to the desired product. 


(b) There are two possible pathways to consider, based 
on which C-C bond is to be formed: 


cher 
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Let’s consider one of these pathways (forming the bond 
on the right). Forming this bond via a Friedel-Crafts 
acylation would require the following starting materials: 


fe) 
7 JL s OCH3 
H3CO 
O | 
OCH 
‘ 
HCO 


Let’s consider the regiochemical outcome of a Friedel- 
Crafts acylation with these starting materials. The 
methoxy group controls the directing effects, so 
substitution is expected to occur at the position that is 
para to the methoxy group (not meta to the methoxy 
group). 

OCH3 


e 


Therefore, this pathway is not feasible, because it would 
not give the correct product. So we must explore the 
other possible pathway, forming this bond: 


oO 


O 


Forming this bond via a Friedel-Crafts acylation would 
require the following starting materials: 


cl 
z 
HCO 


The methoxy group is an ortho-para director, and para 
substitution is expected to predominate (because of steric 
factors), giving rise to the desired product. 


OCH; 


fe) 
OCH; 


18.67. 

(a) The product has four substituents. One of them is a 
methoxy group, which is an ortho-para director. The 
directing effects of this substituent, if installed first, can 
be used to install the other groups in the correct 
locations: 
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OMe OMe OMe 
HINOs, XS Br Br 
H2SO4 Bro, 
— r 
AIBr3 
NO2 NO2 


So the key to solving this problem is to convert benzene 
into methoxybenzene (anisole): 


Oo—o 


This can be achieved via the following three-step 
process. 


-0 
cl :Or Na® 


There are certainly other acceptable methods for 


achieving the desired transformation. Once such 
alternative is shown here: 
OMe 
1) Clo, AICI Br Br 
2) HNO3, H2804 7 
3) NaOH 
4) Mel 
5) xs Bro, AlBr3 NO2 
Ch, AlCl xs Bra, 
AIBr3 


Cl Ò 
NO; 

| HNO3, H2SO4 fuer 
o£ 

i O 

NO2 


(b) The product has three substituents (a nitro group, 
and two carboxylic acid groups). Each of the carboxylic 
acid groups must be installed via a two-step method 


© 


CI Na 


NaOH 


NO2 
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(Friedel-Crafts alkylation, followed by oxidation of the 
benzylic position). We could certainly install two 


methyl groups and then oxidize both of them: 
COOH 


O-0-O-G 


COOH 


However, the second alkylation step would not proceed 
with good regiochemical control. Methyl groups do not 
provide significant steric hindrance, so we would expect 
a mixture of ortho and para products (difficult to predict 
which will predominate). If, however, we install 
isopropyl groups (rather than methyl groups), then the 
second alkylation step will occur predominantly at the 
para position, as desired. Then, both benzylic positions 
can be oxidized to give the diacid: 


5-6-8. 


COOH 


In the synthesis shown below, the nitration step is 
performed prior to oxidation of the benzylic groups, 
because nitration of an activated ring is likely to proceed 
more readily than nitration of a deactivated ring. 
Nitration of para-diisopropylbenzene gives only one 
nitration product, because all unoccupied positions on 
the ring are identical. 


COOH 
1) (CH3)2CHCI, AICI, NO, 
2) (CH3)2CHCI, AICls 
LaL 
3) HNO3, H2SO4 
4) KMnO,, H20, heat 
5) H30* COOH 
1) KMnO4, 
(CH3)2CHCI, H20, 
AICls heat 


y 
Se 
QO i 


(CH3)2CHCI HNO3 
AICI3 H2504 


(c) If we install the tert-butyl group first, we can use its 
directing effects to install all of the other groups in the 
correct locations. The tert-butyl group is installed via a 
Friedel-Crafts alkylation. The directing effects of the 
tert-butyl group cause the next group to be installed in 


the para position, so the next step of our synthesis must 
be a nitration step. Subsequent halogenation steps are 
forced to proceed at the positions that are ortho to the 
tert-butyl group. These positions are indeed sterically 
hindered, but the position that is para to the tert-butyl 
group is already occupied (by the nitro group). So any 
subsequent reactions must take place at the ortho 


positions. 
1) (CHg)3CCI, AlCls cy Br 
2) HNO3, H2SO4 
i 
3) Bro, AlBr3 
4) Ch, AlCl 
NO2 


Q 


(CH3)3CCl, lo. AICls 


AlCl 
Br 

NO 
Bro, 


HNO3, 
AIBrs 


H2SO4 


p 


NO3 
(d) We must install three groups (a chlorine atom, an 
acyl group, and a nitro group). Two of these groups are 
meta directors (the nitro group and the acyl group), while 
the other group (Cl) is an ortho-para director. The 
groups are all meta to each other in the product, so the Cl 
group must be installed last. 
The first two steps of the synthesis must install the acyl 
group (via Friedel-Crafts acylation) and the nitro group 
(via nitration). These two steps cannot be performed in 
either order. The nitro group cannot be installed first, 
because nitrobenzene is too deactivated to undergo a 
Friedel-Crafts alkylation. Therefore, the order of events 
must be: 1) Friedel-Crafts alkylation, 2) nitration, and 3) 
chlorination. This synthesis is shown here: 
(0) 
1) CH3CH2COCI, NO2 
AICI, 
O 2) HNO3, H2SO4 
3) Ch, AICI, 
Cl 
CH3CH2COCI, 
AICI, 


lon AlCl 


o o 
NO, 
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(e) There is likely more than one way to achieve the 
desired transformation. The following retrosynthetic 
analysis represents one strategy for preparing the desired 
compound. An explanation of each of the steps (a-e) 
follows. 


COOH 


C 


Br 


(Js 


COOH COOH 


a b 
=> => 
CI NO, NO2 
Br Br 
e d 
Ò = é = 


a. The product can be prepared by installing the Cl 
group last. None of the three groups (on the ring) 
are activators, but all three groups direct to the 
same location. 

b. Installation of the nitro group would occur in the 
position that is ortho to the ortho-para directing 
group (and meta to the meta-directing group). 

c. The carboxylic acid group can be made via 
oxidation of the benzylic position. A methyl 
group can certainly be oxidized to a carboxylic 
acid group, however, we choose a larger, 
sterically hindered alkyl group, as will soon be 
explained. 

d. Bromination will occur predominantly in the 
para position, because the ortho positions are 
sterically hindered. This is indeed the reason 
why we chose an isopropyl group rather than a 
methyl group. With a methyl group, we would 
expect a mixture of ortho and para products. 

e. Installation of an isopropyl group can be 
achieved via a Friedel-Crafts alkylation. 


Br 


Now, let’s draw the forward scheme. Note that in the 
first step (Friedel-Crafts alkylation), it would be 
inefficient to use propyl chloride and then rely on a 
carbocation rearrangement, as that would likely give a 
mixture of products (propylbenzene and isopropyl- 
benzene). 
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COOH 
1) (CH3)2CHCL, AICl3 
2) Bro, AIBrs = 
3) KMnO;,, H20, heat 
4) H30° CI NO; 
5) HNO3, H2SO4 Br 
6) Clo, AlCl 
(CH3)2CHCI, AICls lon AICly 
COOH 
ob NO2 
Br 
[erz AlBr3 HNO;, 
H2SO,4 
COOH 
1) KMnOg, H20, heat 
> 
2) H30* 
Br Br 


(f) The following retrosynthetic analysis represents one 
strategy for preparing the desired compound. An 
explanation of each of the steps (a-d) follows. 


OEt Cl 


OEt 
Cl 
a b 
or —>» —» 
NO2 


O = 


a. Chlorination will install a chlorine atom in the 
position that is ortho to the activator (OEt) 
because the para position is already occupied (by 
the nitro group). 

b. An SnAr reaction will replace the chlorine atom 
with an ethoxy group. 

c. Installation of the nitro group would occur 
predominantly in the position that is para to the 
ortho-para directing Cl group. 

d. Chlorination gives chlorobenzene. 


Now, let’s draw the forward scheme, as described above: 
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OEt 
1) Ch, AlCl a 
2) HNO3, H2SO4 
ar Laan 
3) NaOEt, heat 
4) Ch, AICls 
NO> 
A 
Ch, AICI; Ch, AICls 
OEt 
Cl 
i ~ 
L 
NO> 


A 
iene Cl NaOEt 
cae heat 
pee 
NO> 


(g) The following retrosynthetic analysis represents one 
strategy for preparing the desired compound. An 


explanation of each of the steps (a-d) follows. 
a. Chlorination will install a chlorine atom in the 


position that is ortho to the activator (isopropyl 


group) because the para position and the other 
ortho position are already occupied (by the acyl 
group and nitro group, respectively). 

b. Nitration will occur in the position that is ortho to 
the activator (isopropyl group) because the para 
position is already occupied (by the acyl group). 

c. Friedel-Crafts acylation will occur predominantly 
in the position that is para to the isopropyl group, 
because the isopropyl group is an ortho-para 
director, and it is sterically bulky. 

d. Friedel-Crafts alkylation can be used to install an 
isopropyl group. 


Now, let’s draw the forward scheme. Note that in the 
first step (Friedel-Crafts alkylation), it would be 
inefficient to use propyl chloride and then rely on a 
carbocation rearrangement, as that would likely give a 


mixture of products (propylbenzene and isopropyl- 
benzene). 


1) (CH3)2CHCI, AICI, 


NO» 
2) CH3CH2COCI, AlCl 
TT 
3) HNO3z, H2SO, 
4) Clo, AICls 
oO 
(CH3)2CHCI, 
AICI, Ch, AlCl 
NO2 
(©) 
CH3CH2COCI, 
AICls HNO3, 
H2SO4 


O 


(h) The following retrosynthetic analysis represents one 
strategy for preparing the desired compound. An 
explanation of each of the steps (a-c) follows. 


Br Br. 
a 
— 
ON 
I 


a. Nitration will occur in the correct location 
because of steric factors. 

b. Bromination will install a bromine atom in the 
correct location since the branching on the non- 
aromatic ring provides significant steric bulk. 

c. Two successive Friedel-Crafts alkylation 
reactions (the first intermolecular and the second 
intramolecular) will form the desired additional 
ring. 


Now, let’s draw the forward scheme, as described above: 
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1) rn 


O A 
2) Bro, AlBr3 


3) HNO3, H2SO, 


Br. 
O2N l 


HNO3, 
HSO. 
AlCl ove 
Br 
Bro, __ Pay RIB = 


18.68. These reagents will install a methyl group, and 
the problem statement indicates that three methyl groups 
are installed. Installation of the first methyl group gives 
toluene. Methylation of toluene gives a mixture of 


ortho-xylene and para-xylene. 


© 
para-Xylene 


Benzene Toluene ortho-Xylene 


ortho-Xylene undergoes methylation at C4 because of 
steric factors, while para-xylene undergoes methylation 
at C2 (because all four positions are equivalent). Either 
way, the product is the same: 1,2,4-trimethylbenzene 


a 


1 iA 
2 
1,2,4-trimethyl 
benzene 


18.72. 


CHAPTER 18 685 


18.69. All three available positions are sterically 
hindered. 
18.70. The reagents indicate a bromination reaction, so 


we must decide where the bromine atom will be 
installed. The aromatic ring has two substituents: an 
alkyl group and a carbonyl group. The former is a weak 
activator and the latter is a moderate deactivator. The 
directing effects are controlled by the more strongly 
activating group. Therefore, in this case, the alkyl group 
controls the directing effects. As an activator, the alkyl 
group is an ortho-para director. However, one of the 
ortho positions is already occupied (by the other 
substituent). Therefore, there are only two locations 
where bromination can occur (ortho or para to the alkyl 


group): 
a 


(0) 


| 


Among these two locations, one of them is more 
sterically hindered than the other. The reaction is 
expected to occur at the location that is more sterically 
accessible: 


Br 


18.71. The reaction conditions (dilute H2504) will 
remove each of the sulfonic acid groups, giving toluene 
as the major product: 


HOS SO3H 
dilute H2SO4 
—. 


SO3H 


(a) The reagent (hydroxide) is a strong nucleophile, and the three criteria for SNAr are met (there is a nitro group and a 
leaving group that are ortho to each other), so we expect an SNAr mechanism. In an SNAr reaction, the nucleophile 
(hydroxide) replaces the leaving group (bromide) and maintains the same location: 


NO, 


1 Br 
2 


NO, 


1 OH 
2 
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Under these basic conditions, the product (ortho-nitrophenol) is deprotonated upon its formation (because the resulting 
resonance stabilized anion is more stable than hydroxide). In order to return the proton and regenerate ortho- 
nitrophenol, we must introduce a proton source into the reaction flask after the reaction is complete (aqueous acidic 
work-up). The problem statement did not mention an acidic workup, so the product is the following salt (the conjugate 
base of ortho-nitrophenol): 

NO» 


Na 


(b) In an SnAr mechanism, the nucleophile (hydroxide) attacks the ring at the position bearing the leaving group, 
giving the following resonance-stabilized intermediate (called a Meisenheimer complex): 


(c) No. In order for an SNAr reaction to occur, the leaving group must be ortho or para to the nitro group. If the 
leaving group is meta to the nitro group, then the nitro group cannot function as a reservoir for electron density to 
stabilize the intermediate Meisenheimer complex. The Meisenheimer complex is therefore too high in energy to form 
at an appreciable rate. 

(d) Yes. This example meets all three criteria for an SNAr mechanism. The aromatic starting material exhibits a nitro 
group and a leaving group (bromide) that are para to each other. 


18.73. 

(a) The nitroso group is a strong deactivator due to both resonance and induction. Considering induction, both the 
nitrogen and oxygen atoms withdraw electrons. More importantly, the pi-bond conjugated with the benzene ring 
withdraws electron density via resonance, moving electron density toward the highly electronegative oxygen as shown 


below. 
Pi ib; ii-o8 


(b) Given the lone pair of electrons on the nitrogen atom, the sigma complex may be further stabilized through extra 
resonance when the electrophile adds to the ortho or para position. The para-substituted sigma-complex is shown 
below for a nitration reaction, with the participation of the nitrogen lone pair highlighted. 

aa 


C N=0; ® N=0) 
@N*A N = a 
O 
H H j 


N =0 CN 
ON o ON 


H © H 


(c) Ring A is substituted with a nitrogen atom bearing a lone pair of electrons, and is therefore capable of donating 
electron density to the benzene ring via resonance. Thus, it is an activator and an ortho/para director. The nitrogen 
atom that is a substituent on ring B contains a positive charge along with a pi-bond to oxygen that strongly withdraws 
electrons from the benzene ring through both induction and resonance. This nitrogen atom on B is structurally 
analogous to a nitro group (positive charge on N) and would be expected to be a strong deactivator and meta director. 
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Since ring A is weakly activated and ring B is strongly deactivated, electrophilic aromatic substitution occurs on ring A 
in either the ortho or para position. Given that there is significant steric hindrance at the ortho position because of the 
large substituent, it makes sense that the major product occurs via para substitution on ring A. 


18.74. The molecular formula indicates five degrees of 
unsaturation. One of these degrees of unsaturation must 
account for the signal in the double bond region of the IR 
spectrum (1680 cm). The wavenumber of this signal 
indicates that it is likely a C=O bond that is conjugated: 


oO 
Ay 
(conjugated) 


In the 'H NMR spectrum of compound A, the signals 
between 7.5 and 8 ppm indicate the presence of an 
aromatic ring, which account for the remaining four 
degrees of unsaturation. This signal has an integration of 
5, indicating a monosubstituted aromatic ring: 


/ y 


The upfield signal has an integration of 3, which 
indicates a methyl group: 


$— CH 
These three fragments can only be connected in one way: 


} 


CH3 


A 
l 


Compound A 


Indeed, the C=O bond is conjugated in this structure. A 
Clemmensen reduction of compound A gives ethyl 
benzene (compound B): 


Compound A Compound B 
When compound B is treated with Br2 and AIBr3, an 
electrophilic aromatic substitution reaction occurs, in 
which a bromine atom is installed on the ring. The 
reaction at the para position is expected to occur more 
rapidly because ortho attack is sterically hindered by the 
ethyl group: 


(major) 


18.75. 
(a) We did not learn a direct method for installing the 
following group on an aromatic ring: 


-a 


So we must identify a group that can be installed and 
then converted into the group above. Notice that the 
atom connected to the aromatic ring is a carbon atom, 
which means that the reaction requires the formation of a 
C-C bond. Therefore, we must use either a Friedel- 
Crafts alkylation or a Friedel-Crafts acylation. The 
former will install an alkyl group, without a functional 
group. In contrast, acylation will form the C-C bond and 
install a functional group in the desired location: 
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O — 


To convert this ketone into the desired product, we must 
introduce a methyl group in a way that converts the 
ketone into an alcohol: 


oO on 
O^ — 

This can be achieved with a Grignard reaction, using 
methyl magnesium bromide. 

Finally, we must consider the order of events. Notice 
that the product has two substituents that are meta to 
each other. This can be achieved if we take advantage of 
the meta-directing effects of the intermediate that 
possesses a carbonyl group. That is, our synthesis would 
begin with a Friedel-Crafts acylation, thereby installing 
the meta-directing acyl group. Bromination then installs 


a bromine atom in the meta position. And finally, a 
Grignard reaction affords the desired product: 


OH 
1) CH3COCI, AlCl; Br. 
2) Bro, AlBr3 
3) MeMgBr 
4) H20 


fe) 
ee 1) MeMgBr 
AICls 2) H20 


oO 
Br. 
Bro 
—————_8§ 
AIBrs 


(b) We did not learn a direct method for installing the 
following group on an aromatic ring: 


A 


However, in the solution to part (a), we saw how to 
install the following functional group: 


2a 


This functional group can be converted into the desired 
functional group in just one step: 


se conc. H2SO4 ae 
= Heat ae 


Therefore, we can perform a synthesis similar to the one 
described in the solution to Problem 18.75a, followed by 
this reaction: 


OH 
conc. cone Tees 
Heat 
Br 


The complete synthesis is shown here. Notice that 
bromination is performed prior to acylation, in order to 
install the groups in a para fashion: 

3) MeMgBr 


4) conc. H2SO4, a 


heat 
Bra conc. H2SO4, 
AIBr3 heat 


oo 


p am 


1) Bro, AlBr3 
2) CH3COCI, AICI, 


Br 


Alternatively, we can install the desired group in an 
entirely different way. Rather than performing a Friedel- 
Crafts acylation, we can perform a Friedel-Crafts 
alkylation to install an isopropyl group, which can then 
be functionalized via benzylic bromination, followed by 


elimination: 
Br 
or 


With this strategy, bromination of the aromatic ring is 
performed after installation of the isopropyl group, 
which allows us to employ the directing effects of the 
isopropyl group to install the bromine atom in the para 
position. 
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This alternative synthesis is summarized here: 


Q 


(CH3)2CHBr, AIBr3 


Br 
o^ Br 
Bro, AIBr3 NBS, 
heat 


Br 


1) (CH3)2CHBr, AIBr3 
2) Bro, AIBr3 


3) NBS, heat 
4) NaOEt Br 


NaOEt 


18.77. 
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18.76. 
(a) The alkyl halide can interact with the Lewis acid to 
produce a carbocation: 


The carbocation is planar, so the aromatic ring can attack 
either face of the carbocation, with equal likelihood. As 
a result, a Friedel-Crafts alkylation with this optically 
active alkyl halide is expected to produce a racemic pair 


of enantiomeric products: 


ae 


(b) As explained in the solutions to part (a), the reaction 
proceeds via a carbocation intermediate, which can be 
attacked from either face, leading to a racemic mixture. 
Therefore, the product mixture is optically inactive. 


The OH group activates the ring toward electrophilic aromatic substitution because the OH group donates electron 


density via resonance. 


CH 
®o- 3 


CH 
9° 3 o 


v 


-CH3 


This effect gives electron density primarily to the ortho and para positions, as seen in the resonance structures above. 
These positions are shielded, and the protons at these positions are expected to produce signals farther upfield than 
protons at the meta position. According to this reasoning, the meta protons correspond with the signal at 7.2 ppm. 


18.78. The upfield signal has an integration of 3, and 
must correspond with the methyl group that is attached 
to the ring. The other signal (downfield) must 
correspond with aromatic protons. Since that signal has 
an integration of 2, the ring must bear two protons, 
which means that three nitro groups must have been 
installed. 

The methyl group of toluene is an ortho-para director, 
and as such, nitration is expected to occur at the ortho 
and para positions. Each successive nitro group 
deactivates the ring, thereby requiring a higher 
temperature in order to install the next nitro group. At 
high enough temperature, all three positions will undergo 
nitration, giving 2,4,6-trinitrotoluene (also called TNT): 


ON NO2 


NO2 
2,4,6-trinitrotoluene 


18.79. 

(a) A phenyl group is an ortho-para director, because the 
sigma complex formed from ortho attack or para attack 
is highly stabilized by resonance (the positive charge is 
spread over both rings). The ortho position is sterically 
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hindered while the para position is not, so we expect 
nitration to occur predominantly at the para position: 


HNO3 

H2504 
(b) This group withdraws electron density form the ring 
via resonance (many of the resonance structures of this 
compound exhibit a positive charge in the ring). As a 
result, this group is a moderate deactivator, and therefore 
a meta-director: 


3 


HNO5 


H2SO4 
O 
O2N O~ 


18.80. Each of the chlorine atoms in the dichloride can 
interact with AlCl; and initiate a Friedel-Crafts 
alkylation process. During the first alkylation process, a 
tertiary benzylic carbocation can form via a hydride 
shift: 


(0) 
ANNS 


18.81. 


H 
© © 
CkAI—CI f> 
X) @ 
CI cl 


This carbocation is then attacked by benzene in an 
electrophilic aromatic substitution reaction, giving the 


following: 
Cl | , 


This compound still has one more chlorine atom, 
allowing for the second alkylation process. Once again, 
the second alkylation occurs in a similar fashion (via a 
tertiary, benzylic carbocation), but this time, the 
electrophilic aromatic substitution reaction proceeds in 
an intramolecular fashion: 


@ —» sigma ___, product 
le complex 


The following product is therefore expected: 


Formaldehyde is protonated to give a resonance-stabilized cation that can serve as an electrophile in an 


electrophilic aromatic substitution reaction. Phenol functions as the nucleophile and attacks the electrophile, giving a 
resonance-stabilized intermediate (sigma complex). Water can then serve as a base and remove a proton from the 


sigma complex, thereby restoring aromaticity: 


H 
| 
par a No! @_ _H 
A, = | E 
H~ `H H~ `H 


H 
r OH 


so \, 


HO 


a OH OH 
O 0) 0) o oan Z 
HZ H H H 
=> o => => 
@ 


:OH 
ot 


H 
\ 
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The resulting compound bears an OH group connected to a benzylic position. This OH can be protonated under acidic 
conditions, followed by loss of a leaving group to give a resonance-stabilized, benzylic carbocation. This carbocation 
can then serve as an electrophile in an electrophilic aromatic substitution reaction. Phenol functions as the nucleophile 
and attacks the electrophile, giving a resonance-stabilized intermediate (sigma complex). Water can then serve as a 
base and remove a proton from the sigma complex, thereby restoring aromaticity. This process continues, ultimately 
giving the structure of Bakelite: 


:OH 
H 
OH | OH foe 
Soe 
id aw H ©) 


> - 
HO H H 6%) H20 
H 
® 
OH OH OH OH OH OH OH OH 
o Z 
CEL) — 6 UO brO 
© ® 
“O° 
. a 
H H OH OH 


OH 


OH 
CT O ——— 


18.82. A tert-butyl group is removed from the ring and replaced with a proton, in what appears to be the reverse of an 
electrophilic aromatic substitution reaction. As such, we expect the reaction to proceed via an intermediate sigma 
complex. The aromatic ring is protonated to give a sigma complex. Water then functions as a base and removes a 
proton in an elimination-type reaction, where the leaving group is an aromatic ring. This step restores aromaticity, and 
produces isobutylene as a byproduct: 


Bakelite 


HO rl 
S 
=> 
H 
@ 
HO H-O[Q 
=> 
H 
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18.83. The amino group in N,N-dimethylaniline is a strong activator, and therefore, an ortho-para director. For this 
reason, bromination occurs at the ortho and para positions. However, in acidic conditions, the amino group is 
protonated to give an ammonium ion: 


Unlike the amino group, an ammonium ion is a strong deactivator and a meta director. Under these conditions, 
nitration occurs primarily at the meta position. 


H 

HaC... CH | 
ae ats H3;C—N©&CH; 
ortho-para director meta-director 


18.84. Attack at the C2 position proceeds via an intermediate with three resonance structures: 


® 
Te ed ee a, 
a = = 
In contrast, attack at the C3 position proceeds via an intermediate with only two resonance structures: 


O 00, N 
P H H 


The intermediate for C2 attack is lower in energy than the intermediate for C3 attack. The transition state leading to the 
intermediate of C2 attack will therefore be lower in energy than the transition state leading to the intermediate of C3 
attack. As a result, C2 attack occurs more rapidly.d r 


18.85. In all cases, the X substituent is a methoxy group. It is the Y substituent that varies in identity. It is difficult to 
imagine that there could be a steric effect here, since the Y substituent is far away from the alkene n bond. The trend is 
more easily explained when we consider the electronic effect of the Y substituent. Specifically, the methoxy group (a 
powerful activator) can donate electron density via resonance into the alkene z bond, making it the most nucleophilic 7 
bond among the disubstituted stilbenes. A methyl group is only weakly activating, so its effect should be smaller than 
the effect of a methoxy group (giving a smaller rate constant). A chloro group is a weak deactivator, which means that 
the net effect of the chloro group is to withdraw electron density from the aromatic ring and the conjugated alkene m 
bond. As a result, when Y = Cl, the rate constant is smaller than the rate constant when Y = Me. Finally, the nitro 
group is powerfully electron-withdrawing, via resonance, and it will significantly reduce the nucleophilicity of the 
alkene x bond, rendering it the least reactive double bond towards molecular bromine. 
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18.86. 
(a) In aqueous acidic conditions, compounds 1 and 2 lose tritium via an electrophilic aromatic substitution reaction. 


First, the aromatic ring is protonated to give a resonance-stabilized sigma complex, which then undergoes loss of T* 
(rather than H*) to re-establish aromaticity. Notice that the methoxy groups render the sigma complex particularly 
stable, because the positive charge is spread over the oxygen atoms as well (via resonance). 


R H R R R 
Ya Hee al H H H 
CAT T J T T 
— <=> => 
H3CO OCH; H3CO OCH;  HCÖ OCH3 HsCOX) OCH3 
Q o 
( 1: R=H 


HCO 


(b) Compound 2 has an extra methoxy group that is absent in compound 1. This group further stabilizes the 
intermediate sigma complex by introducing one more resonance structure (highlighted below). That is, the positive 
charge is further delocalized: 


g 
H 
Ou 
=> 
HCO OCH; 


When compound 2 undergoes an electrophilic aromatic substitution reaction, the intermediate sigma complex exhibits a 
positive charge that is spread over three carbon atoms and three oxygen atoms. This intermediate is more stable than 
the intermediate formed when compound 1 undergoes an electrophilic aromatic substitution reaction. It is therefore 
expected that compound 2 will lose tritium at a faster rate than compound 1. 
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18.87. 


(a) This is a reaction between a strong nucleophile (the terminal alkynide ion) and an electron-poor arene, from which a 
halide is expelled. This satisfies the criteria for a nucleophilic aromatic substitution mechanism, as shown below. The 
alkynide ion attacks the carbon atom attached to fluorine, producing a resonance-stabilized Meisenheimer complex, 


which loses a fluoride leaving group to give the product. 


Cl a Cl T 
cl x Ne. NÊ. 
Cx 5ge > ‘oe 
No,/ Sc a 0. 
+ = 
S&S F So 
= O CL 
OMe | OMe 
<O 
Cl 7 Cl CI o: 
® © © 
NN go NN go BN go 
“So ; (So i F So. ; 
OMe OMe OMe 


(b) The observed regiochemical outcome (that the fluoride is substituted and not the chloride, even though chloride is a 
better leaving group) indicates that the departure of the leaving group does not occur in the rate determining step. The 
leaving group leaves in step 2, so step 1 must be rate determining. In other words, the poor ability of fluoride to serve 
as a leaving group does not affect the rate of the reaction, since this occurs in the step that is not rate determining. 


In the first step, the nucleophile prefers to attack the 


carbon atom attached to fluorine because of its greater 


electrophilicity (due to fluorine’s greater electronegativity) relative to the carbon next to chlorine. 


18.88. Friedel-Crafts reactions cannot be performed 
with aromatic rings that are strongly or moderately 
deactivated. Options (a) and (d) are both activated 
aromatic rings, and option (c) has a halogen, which is a 
weak deactivator. All three of these compounds will 
undergo Friedel-Crafts reactions. Only nitrobenzene is 
strongly deactivated and therefore, it will not undergo 
Friedel-Crafts reactions. The correct answer is (b). 


18.89. | One aromatic ring is connected to a carbonyl 
group (C=O), while the other aromatic ring is connected 
to an oxygen atom. The former is moderately 
deactivated, while the latter is moderately activated (as 


seen in Table 18.1). 
O i 


This ring is 
moderately 
activated 


As an activated ring, we expect ortho-para directing 
effects. The reaction will occur predominantly at the 


para position, rather than the ortho positions, because of 
steric factors. Therefore, the answer is (c). 


18.90. Option (a) would install a bromine substituent 
and an ethyl substituent, as desired, but the 
regiochemical outcome would not be correct. The two 
groups would be installed in a para-disubstituted 
fashion, rather than meta-disubstituted: 


Similarly, option (b) would also install the two groups in 
a para-disubstituted fashion: 
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Option (c) employs a blocking technique, which would Option (d) employs a Friedel-Crafts acylation, followed 
install the two groups in an ortho-disubstituted fashion by bromination at the meta position, followed by a 
(not meta, as desired): Clemmensen reduction, giving the desired product. The 
correct answer is (d): 
EtCl Fuming fe) 2 2 
— — 
AlCl; H2504 yt 
Cl Bro 
—— YS, — 
Bro SO3H AICl3 AIBr3 
Br 
AIBr3 
Zn(Hg) 
HCl 
Br Br 
Dilute 
=_—_ 
H2504 
Br 


18.91. Each of the three nitro groups is conjugated with the aromatic ring, and as a result, each of the C-N bonds has 
some double-bond character. The following resonance structure illustrates this for one of the nitro groups: 


NO NO 
9 E 9 2 
\ 
ON l @ l <> tc. 
SER > ER, i 
© 
NO2 NO2 


There are three nitro groups. Two of them are ortho to the very large iodo group. The size of the electron cloud 
associated with the iodo group offers steric strain that forces these two nitro groups out of planarity with the ring, in 
order to alleviate some of the strain. This results in reduced overlap of the p orbitals, and consequently, the resonance 
effect is diminished. As such, the C-N bonds of these two nitro groups will have less double-bond character. In 
contrast, the nitro group that is para to the iodo group is coplanar with the ring, and its C-N bond has significant double 
bond character — see the resonance structure above. This additional C=N character leads to a shorter bond, as is 
characteristic of double bonds. 


18.92. Sodium amide (NaNH)) is a strong base, and under these conditions, a proton is abstracted from the nitrogen 
atom of 1 (pKa ~ 30) to generate anion 3. This proton will be re-introduced during the reprotonation event (work-up 
with water). It might seem unnecessary to draw this deprotonation step (only to protonate this location at the end of the 
mechanism), but this step must be drawn to indicate that you understand that this proton is sufficiently acidic that it will 
not survive under these conditions (because anion 3 is resonance-stabilized). Next, deprotonation will produce 4, 
which loses a bromide ion to form benzyne 5. This intermediate is then trapped by the nearby aromatic ring to form 
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anion 6. Proton transfer will produce imine 7, which can be rearomatized by the loss of a proton to form anion 8. In the 
final step, protonation of 8 will form compound 2. 


Me 


Br o 
4 > 
O o ONH, MeO. 


MeO 


OCH2Ph 1 OCH2Ph 3 OCHPh 4 


o o 
MeO an LS 2 MeO, UX CIS 2 
7 «> > 
N N: 
MeO a MeO “O 
OCH,Ph 6 OCH,Ph 5b OCH,Ph 5a 


© 
OCH2Ph 7 OCH,Ph 


18.93. 
(a) An analysis of the reactant and the minor product reveals that during the course of the reaction, a new C-C bond 
forms between the two carbon atoms indicated below. 


LZ 


New CC bond minor product 
forms between 
these two carbons. 


Likewise, in the formation of the major product, an analogous new C-C bond forms after rotation around the C-C bond 
indicated below. 


ON $ 
XV rotate 
OL, O ™ ON 


OMe New CC bond 
forms between 
these two carbons. 


major product 
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A mechanism for the formation of the minor product is presented below. The alkyne attacks ICI, resulting in the 
formation of a new C-I bond, and a vinyl carbocation (see below for a justification for formation of a vinyl carbocation 
in this case). This carbocation then serves as an electrophile in an electrophilic aromatic substitution. The m electrons 
from the methoxyarene attack this carbocation, resulting in the formation of a new C-C bond, and a resonance- 
stabilized sigma complex. This intermediate is highly conjugated and has at least seven reasonable resonance structures 
in addition to the four shown. Deprotonation of the sigma complex restores aromaticity, thus yielding the product. 


Cl 
Y i 
{ l l 
S& — qo —_ <> 
O ORD [Ck : 
OMe ®~OMe OMe 


OMe 


<=_—_. <=—__> 


OMe OMe 
minor product = + several 
additional 
resonance 
structures 


A mechanism to account for the formation of the major product is below. Each step is analogous to the mechanism 
presented above. 


Or” Í 
Ka T 
O DOLAOD 


e 
MeO 


major product 


+ several 
additional 
resonance 
structures 


In Chapter 9, we noted that vinyl carbocations are not very stable, and thus we should consider whether or not our first 
intermediate is a reasonable one. In this case, the vinyl carbocation is not an unreasonable intermediate, because it is 
stabilized by the adjacent aromatic ring, as demonstrated by the following resonance structures. 
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Cy Cy Oy Oy 
S < Cc =>, Cc =~, 
® 
Q Oo. Q Q 
MeO D MeO MeO MeO 


© 


O 


Alternatively, it would also be plausible to suggest a mechanism involving an iodonium ion, rather than a vinyl 
carbocation. In that case, the mechanism for formation of the major product would be as follows: 


T Q 
21: 
© J vs 
MeO Q Meo Q 


e 
MeO 


major product 


+ several 
additional 
resonance 
structures 


Formation of the minor product might also occur in this way, via an iodonium ion, rather than a vinyl carbocation. 


(b) In the formation of each of the products, we should take into account both electronic and steric considerations. In 
the formation of the minor product, the new C-C bond is ortho to the methoxy group. In contrast, the new C-C bond is 
para to the methoxy in the formation of the major product. Both of these products are thus consistent with the methoxy 
group serving as an ortho-para director. The predominance of the major product can be explained by the increased 
steric accessibility of electrophilic carbocation to the position para to the methoxy group. 


18.94. The first steps of the mechanism are two successive, proton transfers to form the dication 2. In each of these 
steps, triflic acid is the source of the proton. The amine is protonated first, to give an ammonium ion. If we compare 
the pKa values of triflic acid (-14) and a typical ammonium ion (~10), we see that this proton transfer step is effectively 
irreversible, thus the irreversible reaction arrow for that step. Then, another proton transfer step generates the dication. 
Notice that protonation of the carbonyl group occurs as the second step, after protonation of the amine, because a 
protonated carbonyl group is a highly acidic species (pKa ~ -7), relative to an ammonium ion. 

Once the highly electrophilic dication intermediate is formed, an electrophilic aromatic substitution reaction occurs, in 
which benzene functions as the nucleophile. The resulting intermediate sigma complex is deprotonated to restore 
aromaticity. Under these acidic conditions, the hydroxyl group is protonated, generating an excellent leaving group, 
which leaves to give a resonance-stabilized benzylic carbocation (resonance structures not shown). This benzylic 
carbocation then functions as an electrophile in another electrophilic aromatic substitution reaction. The resulting 
sigma complex is then deprotonated to restore aromaticity, thereby producing ammonium ion 3. 
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H 
N! 
O O 
Ly — £3 — £s \ 
H H 


OH OH 
H H 
<> LN 


3 


18.95. 
(a) A reasonable mechanism for the conversion of 1 to 2 is shown. In the first step, butyllithium functions as a base 


and deprotonates the amine to produce a resonance-stabilized anion (resonance structures not shown). Boron 
trichloride serves as a Lewis acid in the next step, accepting an electron pair from the nucleophilic nitrogen atom, 
giving the Lewis acid — Lewis base complex. Subsequent loss of a chloride ion gives the compound 2. 
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Cl 
aN, B, 


AEE 


resonance-stabilized 
intermediate 


A mechanism for the final step is shown below. Overall, this step constitutes two subsequent electrophilic aromatic 
substitution reactions, resulting in the formation of two new B-C bonds. Addition of aluminum trichloride, a Lewis 
acid, serves to enhance the electrophilicity of the boron by forming a complex with one of the chlorine atoms. The 
boron is then attacked by one of the pendant arenes, with subsequent loss of AlCl4 and formation of a resonance- 
stabilized sigma complex (several, but not all, of the many resonance structures are shown). Deprotonation with 
AICl4 restores aromaticity, giving a neutral intermediate. An identical sequence of mechanistic steps (complexation 
with AICls, attack of the arene, loss of AlCl4 and deprotonation) results in the formation of the second B-C bond, thus 
producing compound 3. 


8 Fe PERE 
3RN 


pee 


REg- 


Cue 
ORO 
3 
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(b) Each of the four peripheral rings is clearly aromatic. 


J B K 
| 
Q l gQ 
For the two central rings, the boron and nitrogen are both expected to be sp?-hybridized, with boron having an empty p- 


orbital and nitrogen holding its lone pair in a p-orbital. As such, each central ring exhibits a continuous system of 
overlapping p orbitals with a total of 6 n electrons, thus fulfilling the criteria for aromaticity: 


O x electrons 


2 7 electrons ——)> BA 
2 n electrons =>> 


2 n electrons 


Therefore, all six rings are aromatic, providing for one extended aromatic system that is electronically similar to the 
following polycyclic aromatic compound: 


(c) In part b, we determined that we expect both central rings in 3 to be aromatic, and as such, we would expect the 
entire molecule to be planar. The observation that the central two rings are twisted (non-planar) indicates that the 
central rings actually have limited aromatic character, despite the fact that they have the right number of z electrons to 
be aromatic. There must be something causing the rings to twist out of planarity. This can be explained by the steric 
repulsion between the indicated hydrogen atoms shown in the structures below. A slightly twisted structure avoids this 


repulsive interaction. 
eS H)(H 
B 
| 
X 
H)(H 


This steric interaction is very similar to the steric interaction in diphenylmethane, causing it to adopt a non-coplanar 
conformation, as seen in the Medically Speaking application at the end of section 17.5 (The Development of Non- 
Sedating Antihistamines). 
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Ketones and Aldehydes 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 19. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 
Vocabulary. 


e The suffix “ ” indicates an aldehydic group, and the suffix “ ” is used for ketones. 
e The electrophilicity of a carbonyl group derives from effects, as well as effects. 
e A general mechanism for nucleophilic addition under basic conditions involves two steps 
1) nucleophilic attack 
2) 
e The position of equilibrium is dependent on the ability of the nucleophile to function as a 
e —Inacidic conditions, an aldehyde or ketone will react with two molecules of alcohol to form an : 
e The reversibility of acetal formation enables acetals to function as groups for ketones or 
aldehydes. Acetals are stable under strongly conditions. 
e In acidic conditions, an aldehyde or ketone will react with a primary amine to form an 
e In acidic conditions, an aldehyde or ketone will react with a secondary amine to form an 
e = In the Wolff-Kishner reduction, a hydrazone is reduced to an under strongly basic conditions: 
° of acetals, imines, and enamines under acidic conditions produces ketones or 
aldehydes. 
e In acidic conditions, an aldehyde or ketone will react with two equivalents of a thiol to form a 


e When treated with Raney nickel, thioacetals undergo desulfurization to yield a group. 

e When treated with a hydride reducing agent, such as lithium aluminum hydride via or sodium 
borohydride (NaBHs), aldehydes and ketones are reduced to 

e The reduction of a carbonyl group with LiAlH4 or NaBH; is not a reversible process, because hydride does 
not function as a 

e When treated with a Grignard reagent, aldehydes and ketones are converted into alcohols, accompanied by 
the formation of a new bond. 

e Grignard reactions are not reversible, because carbanions do not function as 

e When treated with hydrogen cyanide (HCN), aldehydes and ketones are converted into 
For most aldehydes and unhindered ketones, the equilibrium favors formation of the 

e The Wittig reaction can be used to convert a ketone to an ‘ 

e =A Baeyer-Villiger oxidation converts a ketone to an by inserting 
next to the carbonyl group. Cyclic ketones produce cyclic esters called 


Review of Skills 


Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 
the end of Chapter 19. The answers appear in the section entitled Skil/Builder Review. 


19.1: Naming Aldehydes and Ketones 


PROVIDE A SYSTEMATIC NAME FOR THE FOLLOWING COMPOUND 


1) IDENTIFY THE PARENT 
2) IDENTIFY AND NAME SUBSTITUENTS 
3) ASSIGN LOCANTS TO EACH SUBSTITUENT 
4) ALPHABETIZE 
Oo 5) ASSIGN CONFIGURATION 
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19.2: Drawing the Mechanism of Acetal Formation 


703 


DRAW A MECHANISM FOR THE ACID-CATALYZED CONVERSION OF A KETONE TO A HEMIACETAL. 
MAKE SURE TO DRAW ALL CURVED ARROWS AND INTERMEDIATES. 


“O° H—A® R-Q-H :A :OH 
— ` l __ 
De ye OR 
DRAW A MECHANISM FOR THE ACID-CATALYZED CONVERSION OF A HEMIACETAL TO AN ACETAL. 
MAKE SURE TO DRAW ALL CURVED ARROWS AND INTERMEDIATES. 
OH H—-A® - H20 R-0-H ZA [OR 
Ns 
=c — =m 
v kK OR wt OR 
19.3: Drawing the Mechanism of Imine Formation 
DRAW A MECHANISM FOR THE ACID-CATALYZED CONVERSION OF A KETONE TO A CARBINOLAMINE. 
MAKE SURE TO DRAW ALL CURVED ARROWS AND INTERMEDIATES. 
n N :OH 
sg: R-=NH2 H—A® A 
— — ss .. H 
wi a 
2 N 
R 
DRAW A MECHANISM FOR THE ACID-CATALY ZED CONVERSION OF A CARBINOLAMINE TO AN IMINE. 
MAKE SURE TO DRAW ALL CURVED ARROWS AND INTERMEDIATES. 
OH H—A© - H2O R-NH2 Poni 
———————— 
we hi A ~ e pr. 
R 


19.4: Drawing the Mechanism of Enamine Formation 


DRAW A MECHANISM FOR THE ACID-CATALYZED CONVERSION OF A KETONE TO A CARBINOLAMINE. 
MAKE SURE TO DRAW ALL CURVED ARROWS AND INTERMEDIATES. 


ey RoNH H—A® *OH 


ʻA 
A n {~ mAy 


DRAW A MECHANISM FOR THE ACID-CATALY ZED CONVERSION OF A CARBINOLAMINE TO AN ENAMINE. 
MAKE SURE TO DRAW ALL CURVED ARROWS AND INTERMEDIATES. 


:OH eC) 


-H20 RoNH Rein 


l 


R 


19.5: Drawing the Products of a Hydrolysis Reaction 


DRAW THE EXPECTED STEP 1 - IDENTIFY THE STEP 2 - IDENTIFY THE STEP 3 - DETERMINE THE 
PRODUCTS WHEN THE BOND(S) EXPECTED TO | CARBON ATOM THAT WILL IDENTITY OF THE OTHER 
FOLLOWING COMPOUND IS UNDERGO CLEAVAGE BECOME A CARBONYL GROUP FRAGMENT (S) 
TREATED WITH AQUEOUS ACID 
Nag 
N 


T 
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19.6: Predicting the Major Product of a Wittig or HWE Reaction 


EXAMPLE 
O 
CH3 
H 
Ph3P=C 
CH2CH3 
? 


STEP 1 - IDENTIFY THE 
NUCLEOPHILE AND 
ELECTROPHILE 


STEP 2 - DETERMINE 
WHETHER THE WITTIG 
REAGENT IS STABILIZED 


STEP 3 - DRAW THE 
ALKENE PRODUCT WITH 
THE APPROPRIATE 
STEREOCHEMISTRY 


19.7: Proposing a Synthesis 


BEGIN BY ASKING THE 


FOLLOWING TWO QUESTIONS: 
1) IS THERE A CHANGE IN THE 
? 


2) IS THERE A CHANGE IN THE 
? 


IF THERE IS A CHANGE IN THE CARBON SKELETON, CONSIDER ALL OF THE C-C 
BOND FORMING REACTIONS AND ALL OF THE C-C BOND BREAKING REACTIONS 
THAT YOU HAVE LEARNED SO FAR. 


C-C BOND-FORMING REACTIONS IN THIS CHAPTER: 


C-C BOND-BREAKING REACTIONS IN THIS CHAPTER: 


Review of Reactions 


Identify the reagents necessary to achieve each of the following transformations. To verify that your 
answers are correct, look in your textbook at the end of Chapter 19. The answers appear in the section 


entitled Review of Reactions. 


HO OH 


AS 
pai 

ah 
os 


an 


H H 


a 


7 


P a 
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Common Mistakes to Avoid 


This chapter covers many reactions, including the formation of acetals: 


[H*], 
Q HO OH 
A E pi 


(R = H or alkyl group) 


This reaction is covered in the context of the reactivity of ketones and aldehydes. The same reaction does 
not occur for other compounds containing a carbonyl group, such as esters: 


o L 
O oO 
R > : ao aR 


an ester 


Students often make this mistake, assuming that acetal formation will work for esters, just as it does for 
ketones. It does not. This is a common mistake, and it should be avoided. 
As another example of a reaction that is often applied in the wrong context, consider the Wittig reaction. 


Jk Wittig reaction JL 


R R R R 


a ketone 
or aldehyde 


Once again, Chapter 19 covers this reaction in the context of the reactivity of ketones and aldehydes. You 
cannot assume that the same reaction will occur for other compounds containing a carbonyl group, such as 


esters: 
J 
a 7 $ R~ ~OR 


an ester 


Students often make this type of mistake, by applying a reaction outside of the scope in which it was 
discussed. Try to avoid doing this. Whenever we cover a reaction that applies to ketones and aldehydes, 
you cannot assume that it will apply to esters (or any other functional group for that matter). 


Useful reagents 


The following is a list of reagents encountered in this chapter: 


Reagents Type of Reaction Description 


Conversion of a carbonyl group to a hydrate. 
This process is only efficient for 

H30* Hydrate formation | formaldehyde and some simple aldehydes. 
For ketones, the equilibrium generally does 
not favor formation of the hydrate. 


[H*], 2 ROH, Acetal formation Conversion of an aldehyde or ketone into an 
acetal. The acetal group can be used to 
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(— H20) 


protect aldehydes and ketones. The acetal 
group is stable to basic conditions, but is 
removed when subjected to aqueous acidic 
conditions to regenerate the carbonyl group (a 
process called hydrolysis). 


[H*], HOCH:CH20H, 
-H20 


Cyclic acetal 
formation 


Ethylene glycol can be used to convert an 
aldehyde or ketone into an acetal. The acetal 
group can be used to protect aldehydes and 
ketones. The acetal group is stable to basic 
conditions, but is removed when subjected to 
aqueous acidic conditions to regenerate the 
carbonyl group (a process called hydrolysis). 


[H*], HSCH2CH2SH, 


Cyclic thioacetal 


Ethylene thioglycol can be used to convert an 


( H20) formation aldehyde or ketone into a cyclic thioacetal. 
Raney Nickel Desulfurization Converts a thioacetal (or cyclic thioacetal) to 
an alkane. 
Converts an aldehyde or ketone into an imine. 
[H*], RNH2, . The imine group is removed when subjected 
Imine formation a a 
( H-0) to aqueous acidic conditions to regenerate the 
carbonyl group (a process called hydrolysis). 
Converts an aldehyde or ketone into an 
[H*], RNH enamine. The enamine group is removed 
, > Enamine formation | when subjected to aqueous acidic conditions 
C H20) to regenerate the carbonyl group (a process 
called hydrolysis). 
[H"], NH20H, . . ; , 
C H-0) Oxime formation Converts an aldehyde or ketone into an oxime. 
— Hy 
[H*], NH2NHp, . Converts an aldehyde or ketone into a 
Hydrazone formation 
(— H20) hydrazone. 
NaOH, H20, heat Walai bne Reduces a hydrazone to an alkane. 
reduction 
1) LiAlHa : 
2) H:O Reduction Reduces an aldehyde or ketone to an alcohol. 
2 
When an aldehyde or ketone is treated with a 
1) RMgBr Grignard reagent (followed by water work- 
Grignard reaction up), a carbon-carbon bond-forming reaction 
2) H20 occurs, giving an alcohol that exhibits the 
newly formed C-C bond. 
HCN, KCN Cyanohydrin Converts an aldehyde or ketone into a 
formation cyanohydrin. 
When an aldehyde or ketone is treated with a 
Wittig reagent, a carbon-carbon bond-forming 
H Ne H reaction occurs, giving an alkene that exhibits 
OC—PPh; <«» C=PPh; me : the newly formed C=C bond in the location of 
/ / Wittig reaction . f 
R R the former carbonyl group. IfR is a simple 


Wittig reagent 


alkyl group, such as methyl or ethyl, then the 
(Z) alkene is generally observed to be the 
major product. 


www.MyEbookNiche.eCrater.com 


CHAPTER 19 707 


To E A stabilized Wittig reagent that will react with 
Ph—P. Wittig reaction an aldehyde or ketone to give the (E) alkene 
/ OMe f 
Ph 6 as the major product. 
o O HWE reaction A HWE reagent functions like a stabilized 
_ Wittig reagent. It will react with an aldehyde 
MeO—P (Horner-Wadsworth- : : 
es OMe or ketone to give the (E) alkene as the major 
MeO öğ Emmons) 
product. 
Converts a ketone into an ester (via insertion 
Baeyer-Villiger of an oxygen atom). Converts an aldehyde 
RCO3H ae f peeks genes: . 
oxidation into a carboxylic acid (via insertion of an 
oxygen atom). 
Solutions 
19.1. methyl groups (two at C2 and two at C5), giving the 


(a) We begin by identifying the longest chain that 
includes the carbon atom of the carbonyl group. In this 
case, the parent is a chain of six carbon atoms, with the 
carbonyl group at C1, so the parent is hexanal. Next, we 
identify the substituents. There are four: two methyl 
groups (both at C2) and two bromine atoms (both at C5). 
Finally, we assemble the substituents alphabetically, 
giving the following name: 


6 4 
5 1-H 


Br Br O 
5,5-dibromo-2,2-dimethylhexanal 


(b) We begin by identifying the longest chain that 
includes the carbon atom of the carbonyl group. In this 
case, the parent is a chain of six carbon atoms, with the 
carbonyl group at C2, so the parent is 2-hexanone. Next, 
we identify the substituents. There are three, all of 
which are methyl groups, located at C3, C4 and C5. We 
then assign a configuration to each of the chiral centers, 
giving the following name: 


(3R, 4S)-3,4,5-trimethyl-2-hexanone 


(c) We begin by identifying the parent. In this case, the 
carbonyl group is part of a five-membered ring, so the 
parent is cyclopentanone. In a cyclic ketone, the 
carbonyl group is at Cl (by definition). Next, we 
identify the substituents. There are four, all of which are 


following name: 
O 


a 


2,2,5,5-tetramethylcyclopentanone 


(d) We begin by identifying the longest chain that 
includes the carbon atom of the carbonyl group. In this 
case, the parent is a chain of five carbon atoms, with the 
carbonyl group at C1, so the parent is pentanal. Next, we 
identify the substituents. There is only one substituent: a 
propyl group at C2, giving the following name: 


O, H 


2-propylpentanal 


(e) A cyclic compound containing an aldehyde adjacent 
to the ring is named as a cycloalkane carbaldehyde. In 
this case, the aldehyde group is connected to a four- 
membered ring (cyclobutane), giving the following 


name: 
O 


cyclobutanecarbaldehyde 


19.2. 

(a) The name indicates that the parent (cyclohexanone) is 
a six-membered ring, with a carbonyl group incorporated 
in the ring (a cyclic ketone). There are three 
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substituents: two bromine atoms (both at C3) and an 
ethyl group (at C4). The chiral center at C4 has the S 
configuration: 

O 


ee 


Br 


(b) The name indicates that the parent (3-pentanone) is a 
chain of five carbon atoms, with the carbonyl group at 
C3. There are two substituents (both methyl groups), 
located at C2 and C4, as shown: 


(c) The name indicates that the parent (butanal) is a chain 
of four carbon atoms, with the carbonyl group at C1 (by 
definition). There is only one substituent (Br), located at 
C3, which exhibits the R configuration, as shown: 


19.3. 

(a) The parent is a six-membered ring with two carbonyl 
groups (a dione). The locants indicate the relative 
positions of the carbonyl groups (C1 and C3): 


Ox i „O 
1,3-cyclohexanedione 
(b) The parent is a six-membered ring with two carbonyl 


groups (a dione). The locants indicate the relative 
positions of the carbonyl groups (C1 and C4): 


AT 


1,4-cyclohexanedione 


(c) The parent is a chain of nine carbon atoms, for which 
three of the carbon atoms are carbonyl groups (a trione). 
The locants indicate the relative positions of the carbonyl 
groups (C2, C5, and C8): 


2,5,8-nonanetrione 


19.4. 

(a) To draw a complex molecule when given a complex 
name, it helps to start at the end and work backwards. 
First, draw the parent compound (methanone = a one- 
carbon ketone). Next, draw the substituents. There are 
two substituents in this case: phenyl and (2-hydroxy-4- 
methoxyphenyl). Draw the complex substituent by 
starting with a phenyl group and then adding the hydroxy 
and methoxy groups at the appropriate positions (recall 
that the point of attachment to the parent chain is defined 
as carbon #1 of the substituent). You may recognize that 
another possible name for this compound is 2-hydroxy- 
4-methoxybenzophenone. 

parent = 
methanone 


2-hydroxy —= OH | O 


2 4 
4-methoxy 3 
` © 
CH30° 4 N 


UU _—~Y’ 
(2-hydroxy-4-methoxyphenyl) phenyl 


(b) Following the same approach, we begin by drawing 
the parent, propane-1,3-dione, a three-carbon ketone 
with carbonyl groupss at positions 1 and 3. Next to the 
carbonyl group, we place a phenyl substituent with a 
methoxy group on carbon 4. Next to the other carbonyl 
group, we draw a phenyl substituent with a 1,1l- 
dimethylethyl group (also known as a t-butyl group) at 
carbon 4. Note: the systematic use of the parentheses 
should clarify the position of the entire tert-butylphenyl 
substituent on the parent diketone compound (e.g. “3”) 
as well as the position of the tert-butyl “sub-substituent” 
on the phenyl substituent (the “4” or para position). 


parent = 
propane-1,3-dione 
[4-(1, 1-dimethylethyl)phenyl] 


O @) 


CH30 Pi 
1 2 
(4-methoxyphenyl) E 


(1,1-dimethylethyl) 


19.5. 

(a) Oxidation of a secondary alcohol (to give a ketone) 
can be achieved with chromic acid (H2CrOs), which is 
prepared by mixing sodium dichromate (Na2Cr207) and 
aqueous sulfuric acid. Alternatively, PCC or DMP can 


affect this transformation. 
oa 


Na2Cr207 
H2SO4, H2O 


a 
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(b) Oxidation of a primary alcohol (to give an aldehyde) GL 

can be achieved upon treatment with PCC, or upon H 

treatment with DMP, or via a Swern oxidation: Bi 1) R2B—H Y 
2) H203, NaOH o 


PCC 
CH;Cl> 7 
OH O (e) A C=C bond can be cleaved into two carbonyl groups 
via ozonolysis. In this case, the ring is opened to give an 
DMP, CHCl H acyclic product. 
O O 
ae Ess pee 
(COCI)2 2) DMS H 
2) EtaN 
(f) An acyl group can be installed via a Friedel-Crafts 


(c) A terminal alkyne can be converted into a methyl acylation, using the appropriate acyl halide, as shown: 


ketone upon acid-catalyzed hydration in the presence of 
mercuric sulfate: O 
oO 
O 
Za oN 
oe H2504, HzO 

— —— 

HgSO4 AlCl 


(d) A terminal alkyne can be converted into an aldehyde 
via hydroboration-oxidation: 


19.6. 
(a) As seen in Section 12.6, a Grignard reagent is a strong nucleophile that will attack a carbonyl group to give an 
alkoxide ion. After the reaction is complete, water is introduced into the reaction flask, thereby serving as a proton 


source to protonate the alkoxide ion, giving an alcohol: 


H 
| 


H © 
o ol 0: HO 
Ci —“c-G-H ` o 
| HAJH 


H H 
—— 


(b) Under acidic conditions, the carbonyl group is first protonated to give a resonance-stabilized cation. This cation is 
a strong electrophile that is then captured by a chloride ion to give the addition product shown. The equilibrium likely 


favors the ketone. 
HO, CI 


Č 


The carbonyl group in hexafluoroacetone is flanked by two very powerful electron-withdrawing groups (CF3). 


19.7. 
These groups withdraw electron density from the carbonyl group, thereby increasing the electrophilicity of the carbonyl 
group. The resulting increase in energy of the reactant causes the equilibrium to favor the product (the hydrate, which 


8- 
O 


“O° H 
a N, n 28 


is now lower in energy by comparison). 
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19.8. 

(a) Acid-catalyzed acetal formation proceeds via a seven-step process, which can be divided into two parts: 

Part one is conversion of the ketone into a hemiacetal. In the first step of the following mechanism, a proton transfer 
generates a protonated carbonyl group, which is an excellent electrophile and is subject to attack by a nucleophile. The 
alcohol functions as the nucleophile, attacking the protonated carbonyl group to give an oxonium ion that loses a proton 
to give the hemiacetal. 

Part two of the mechanism is conversion of the hemiacetal into an acetal, which requires four steps. First a proton 
transfer step converts a bad leaving group (hydroxide) into an excellent leaving group (water). Loss of water gives an 
intermediate that can be attacked by another molecule of the alcohol. The resulting oxonium ion is then deprotonated 
to give an acetal. Note that in all steps of the mechanism, the proton source is a protonated alcohol, and the base is the 
alcohol (MeOH). No strong bases are employed or formed at any point during the mechanism. 


© H EON 
N Ol O” .. H l@ `^. H 
H—O® 707 HO. SO 107 
‘ i x Me * 


(b) Acid-catalyzed acetal formation proceeds via a seven-step process, which can be divided into two parts: 

Part one is conversion of the ketone into a hemiacetal. In the first step of the following mechanism, a proton transfer 
generates a protonated carbonyl group, which is an excellent electrophile and is subject to attack by a nucleophile. The 
alcohol functions as the nucleophile, attacking the protonated carbonyl group to give an oxonium ion that loses a proton 
to give the hemiacetal. 

Part two of the mechanism is conversion of the hemiacetal into an acetal, which requires four steps. First a proton 
transfer step converts a bad leaving group (hydroxide) into an excellent leaving group (water). Loss of water gives an 
intermediate that can be attacked by another molecule of the alcohol. The resulting oxonium ion is then deprotonated 
to give an acetal. Note that in all steps of the mechanism, the proton source is a protonated alcohol, and the base is the 
alcohol (EtOH). No strong bases are employed or formed at any point during the mechanism. 


HO. _OEt 


(c) Conversion of the ketone to an acetal occurs via a seven-step process. First the ketone is converted to a hemiacetal 
via the following three steps: 1) proton transfer, 2) nucleophilic attack, and then 3) proton transfer. And then the 
hemiacetal is converted into an acetal via the following four steps: 4) proton transfer, 5) loss of a leaving group, 6) 
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nucleophilic attack, and 7) proton transfer. There is a subtle difference between this mechanism and the mechanisms 
shown in the solutions to part (a) and part (b) of this problem. The difference can be seen in step 6 (the second 
nucleophilic attack). In this case, step 6 occurs in an intramolecular fashion, giving a cyclic acetal: 


HO HO 


al HEY ‘oe wack Z N Ha `, T 
"O° @\ ari HQ: OH Ho So HO: OH WO o 


H \ JS x 
eae AZ A Hemiacetal 
H Lf Non 
H 
a HO 


(d) Acid-catalyzed acetal formation proceeds via a seven-step process, which can be divided into two parts: 

Part one is conversion of the ketone into a hemiacetal. In the first step of the following mechanism, a proton transfer 
generates a protonated carbonyl group, which is an excellent electrophile and is subject to attack by a nucleophile. In 
this case, the nucleophilic attack occurs in an intramolecular fashion to give a five-membered ring. This oxonium ion 
then loses a proton to give the hemiacetal. 

Part two of the mechanism is conversion of the hemiacetal into an acetal, which requires four steps. First, a proton 
transfer step converts a bad leaving group (hydroxide) into an excellent leaving group (water). Loss of water gives an 
intermediate that can be attacked by another nucleophile. Once again, an intramolecular attack generates another five- 
membered ring. This oxonium ion is then deprotonated to give an acetal. Note that in all steps of the mechanism, the 
proton source is H30", and the base is water (H20). No strong bases are employed or formed at any point during the 
mechanism. 


Hemiacetal 


19.9. 

(a) The reaction shows the formation of a cyclic acetal from a ketone. Since the reactant is a ketone, the reagent must 
be a diol and catalytic acidic conditions are required. Since the two oxygen atoms (in the acetal) are attached by two 
methylene (CH2) groups, the diol reagent must also be attached by two methylene groups. 
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H3C O 


A strong acid must be used, typically H2SO4 or TsOH. 


(b) The mechanism shown below is very similar to the mechanisms drawn in the solutions to problems 19.8a-d. 
Specifically, it involves a seven-step process that can be divided into two parts: (1) formation of the hemiacetal (three 
steps) and (2) formation of the acetal (four steps). 

Formation of the hemiacetal involves three mechanistic steps: 1) proton transfer, 2) nucleophilic attack, and then 3) 
proton transfer. 


Aana @ H 


seal d. OH H OH = OH fe) 
o h CH Hoo SS Hg har Ne HO o ge 
OEt OEt OEt | OEt 
HC HaC H3C H3C 
(0) O O Hemiacetal O 


From the hemiacetal, the acetal forms in four mechanistic steps: 1) proton transfer, 2) loss of a leaving group, 3) 
nucleophilic attack, and then 4) proton transfer. 


OH 
poo H LAOH i 
L. oH `O lon. OH ® 
HO” o NN i uco for Aa 
OEt OEt OEt 
Hemiacetal O O O 


OEt lu OEt 
H3C H3C 


Acetal o o 
(c) First, redraw the keto-diol in a conformation where the ketone is placed near each of the hydroxyl groups. 
CH3 


(e) HC OH o HO 


Aan tt HO 
H3C 


CH3 


Next make a bond between the carbonyl carbon and each of the hydroxyl oxygen atoms. This produces a bicyclic 
acetal, as shown. 


en acetal 
3 HaC r- carbon 
o HO [HY O 
HO -HO O 
CH3 CH3 
Frontalin 
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19.10. 
(a) This type of transformation can be achieved via 
alkylation of a terminal alkyne, as seen in Section 9.10: 


a 1) NaNH2 yee 


a 2) Et ae 


However, the starting material has a carbonyl group, 
which is a good electrophile. In the presence of the 
nucleophilic alkynide ion, the following undesired 
reaction can occur: 


O iS) O 
AA SR 4 


To avoid this undesired reaction, the carbonyl group is 
first converted into an acetal, which serves as a 
protecting group. The desired reaction is then 
performed, and finally, the protecting group (the acetal 
group) is removed with aqueous acid to give the product: 


1) [H*], 
o HO OH © a 
QA -HO BA 
BL 2) NaNH> Be 
3) Etl 
[H] 4) H30* ; 
FN H3O 
HO OH 
- H2O 
d 1)NaNH, / \, . 


(b) This type of transformation can be achieved by 
treating the ester with excess phenyl magnesium bromide 
(see Mechanism 12.5): 


oO OH 
JL 1) xs PhMgBr a 
> 
"OCH, 2) H30° ae 


However, the starting material has another carbonyl 
group, which is also a good electrophile. In the presence 
of a powerful nucleophile (the Grignard reagent), the 
following undesired reaction can occur: 


a = 


To avoid this undesired reaction, the ketone is first 
converted into an acetal, which serves as a protecting 
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group. Installation of the protecting group occurs 
exclusively at the carbonyl group of the ketone, rather 
than the ester group, because the ketone carbonyl is more 
reactive than the ester carbonyl group (esters are not 
converted to their corresponding acetals). Once the 
ketone has been protected, the desired reaction is then 
performed, and finally, the protecting group is removed 
with aqueous acid to give the product. This final step 
also protonates the alkoxide ion which was formed by 
the Grignard reaction: 


1) [H*], 
o oọ HO  Oh-HO 9 OH 
———» lf 
AKy 2) xs PhMgBr a" 
3) H30* 
[H"] 
SN H;0* 
HO OH 
-H20 


/ \ / \ O° 
O O xs PhMgBr Q O 


o 
oO” í Ph 


Ph 


(c) This type of transformation can be achieved by 
treating the ester with excess LiAlH4 (see Mechanism 
12.3): 


O OH 


1) xs LIAIH, 
ok 


Pee “oer 
a coch, 2) Hs0" J 


However, the starting material has another carbonyl 
group, which is also a good electrophile. In the presence 
of LiAlH;, the following undesired reaction can occur: 


To avoid this undesired reaction, the ketone is first 
converted into an acetal, which serves as a protecting 
group. Installation of the protecting group occurs 
exclusively at the carbonyl group of the ketone, rather 
than the ester group, because the ketone carbonyl is more 
reactive than the ester carbonyl group (esters are not 
converted to their corresponding acetals). Once the 
ketone has been protected, the desired reaction is then 
performed, and finally, the protecting group is removed 
with aqueous acid to give the product. This final step 
also protonates the alkoxide ion which was formed by 
reduction of the ester group: 


www.MyEbookNiche.eCrater.com 


714 CHAPTER 19 


: SN Since these C-O bonds are contained in a ring, a diol is 
1) [H7], HO OH released. 
—_ 
O~ 2) LAH; i a R 
O, O 

3) H30* MK H,0" 

A aa 

H,0* 
HO OH 
-H20 


(b) Begin by identifying the carbon atom that is 
connected to two oxygen atoms (highlighted): 


LiAIH 
I Aio aiie [ AN o OMe 


pot (2 eq.) Oo 0O 
— > OMe 
o KA Éd 
H 
19.11. This carbon atom bears an acetal group, and will 


(a) Begin by identifying the carbon atom that is ultimately be converted into a carbonyl group in the 


connected to two oxygen atoms (highlighted): product. The C-O bonds are cleaved, giving a ketone. 

Since these C-O bonds are not contained in a ring, two 

/ \ molecules of methanol are released. 
O O 
OMe 
w O 
crim e Cf 

This carbon atom bears an acetal group, and will + 2MeOH 


ultimately be converted into a carbonyl group in the 
product. The C-O bonds are cleaved, giving a ketone. 


19.12. The starting material contains both a carbonyl group and an OH group, and the product is a hemiacetal. As seen 
in Mechanism 19.5, formation of a hemiacetal requires three steps. First, the carbonyl is protonated, rendering it more 
electrophilic. Then, the alcohol group attacks the protonated carbonyl group (in an intramolecular fashion), giving an 
oxonium ion, which is deprotonated to give the hemiacetal, as shown: 


H H 
ane OPPA 
N | ö 
ek, Cs, 


Sada 


I 
O 
O 
T 
Ve 
O 
/ 
T 


19.13. The molecular formula indicates two degrees of unsaturation. Since the product is a hemiacetal, the starting 
material must contain both a carbonyl group and an OH group. The carbon atom of the acetal group must have been 
the location of the carbonyl group. The OH group (that attacks the carbonyl group to form the hemiacetal) must be 
contained in the structure of compound A, which explains why a cyclic hemiacetal is formed. 


O 
OH 


Compound A 
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(a) As seen in Mechanism 19.6, imine formation proceeds via six steps. First, the amine functions as a nucleophile and 
attacks the ketone. The resulting intermediate is then protonated to remove the negative charge (note that the likely 
proton source under these conditions is a protonated amine, called an ammonium ion). Proton transfer then gives a 
carbinolamine (note that the likely base for this step is a molecule of the amine). Protonation then converts the bad 
leaving group (hydroxide) into a good leaving group (water). Loss of water then gives an iminium ion, which is 


deprotonated to give an imine. 


H 
H, H le H, H 
D / ~A Me N 
‘| l o 
O Me SO: H or Me 
A H 
pe H Ring WY 
R R Rind @7 R z 
R® Ny m/e H 
(R = cyclohexyl) Me H S 
H. H 
„Me NL oH ®© Me H.@®_H 
N | ONI O 
Me - H20 £ 
Jk Jk a č _, RUNA H 
R R R R N 
R | 
Me 


(b) As seen in the solution to part (a) of this problem, imine formation proceeds via six steps. The same six steps are 
drawn again here: 1) nucleophilic attack, 2) proton transfer, 3) proton transfer, 4) proton transfer, 5) loss of a leaving 


group, and 6) proton transfer. 


H H | Hga UH 
l O.. | 
7 Et “0! H OH i Et OH 
H Ay : UH 
NS /®H i 
pem Et Et 
(i 
HANS et 
H 
H_ H 
„Et Ni DH Et H_@_H 
N Et 1 - H20 Pal 
S O a H 
N7 
Et 
H 


19.15. 

(a) When treated with ammonia under acid-catalyzed 
conditions (with removal of water), a ketone is converted 
to an imine. In this case, ammonia (NH3) is used as the 
nucleophile (rather than a primary amine, RNHz2), and as 
a result, the product will not have an R group connected 
to the nitrogen atom of the imine group. Instead, there 
will be a proton in that location (two of the protons from 
NH; are removed during imine formation, while the third 
proton remains connected to the nitrogen atom in the 
product). 


O 
[H*] 
NH3 
— > 
- H2O 


(b) Upon treatment with a primary amine under acid- 
catalyzed conditions (with removal of water), a ketone is 
converted to an imine. The carbon atom of the carbonyl 
group ends up being connected to the nitrogen atom 
(with a double bond). The oxygen atom is removed, 
together with the two protons connected to the nitrogen 
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atom of the amine (thus, loss of water), to give the 


following product: 
oe o 
On 


— N 

[H*] 

- H2O 
(c) Under acid-catalyzed conditions (with removal of 
water), an aldehyde will react with a primary amine to 
give an imine. In this case, the aldehyde group and the 
amino group are tethered to each other (in the same 
molecule), and the reaction therefore occurs in an 
intramolecular fashion. The carbon atom of the carbonyl 
group ends up being connected to the nitrogen atom 
(with a double bond), thereby closing a five-membered 
ring (four carbon atoms and one nitrogen atom). The 
oxygen atom is removed, together with the two protons 
connected to the nitrogen atom of the amino group (thus, 
loss of water), to give the product shown. Note that 
locants have been assigned to help draw the product. 
This problem illustrates how useful locants can be when 


19.16. 


drawing the products of a reaction, especially when the 
reaction involves formation of a ring. 


4 
G [H*] 
Jn Ne a ° 
HINAN - H20 \ 
2 1 2 


(d) This problem is very similar to the previous problem, 
although there is a ketone group (rather than an aldehyde 
group), and there are two other methyl groups connected 
to the middle of the chain. To ensure that all substituents 
are drawn in the correct locations, we assign locants, 
much as we did in the previous solution. This allows us 
to see that the methyl groups are placed at C4 in the 
product. Remember that the carbon atom of the carbonyl 
group ends up being connected to the nitrogen atom 
(with a double bond). 


(a) An iminium ion is the conjugate acid of an imine. Notice that pinnatoxin A also contains the conjugate base of a 
carboxylic acid, called a carboxylate ion. Transferring the proton from the iminium group to the carboxylate ion gives 
a neutral structure with the imine and carboxylic acid functional groups in their uncharged forms. 


conjugate acid = 


conjugate base 
of carboxylic acid 


© 


CO7 Proton transfers 


(b) To draw the amino ketone precursor, we consider the location of the C=N bond in the imine. The carbon atom of 
this bond must have been the carbonyl group in the starting ketone, and the nitrogen atom must have been connected to 
two protons in the starting amine. Thus, the following amino ketone reactant should give the desired imine (under 


acid-catalyzed conditions with the removal of water). 


awii 


> = 
tO 
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(c) Given the complexity of the structure, let’s simplify the molecule by representing the macrocycle with R groups. 


CO 2H can be simplified as: 


"OH 


Imine formation proceeds via six steps. First, the amino group functions as a nucleophile and attacks the carbonyl 
group. The next three steps are a series of proton transfers assisted by a general acid 

(R’—NH;5*) or base (R’—NH2z). For the entire mechanism, the general acid is likely the protonated amine of pinnatoxin 
(or related intermediates) and the general base is likely the free amine of pinnatoxin (or related intermediates). 


Expulsion of water affords the iminium ion that is deprotonated to give the imine. 


19.17. 

(a) Treating a ketone with hydroxylamine under acidic 
conditions (with removal of water) gives an oxime 
(R2C=NOH). During this process, the oxygen atom of 
the starting ketone is replaced with a nitrogen atom 
connected to an OH group: 


[H+] RE 


(b) Treating a ketone with hydrazine under acidic 
conditions (with removal of water) gives a hydrazone 
(R2C=NNH2). During this process, the oxygen atom of 
the starting ketone is replaced with a nitrogen atom 
connected to an NH2 group: 


NH2 


- H2O 


19.18. 
(a) An oxime can be made by treating the corresponding 
ketone with hydroxyl amine, in acid catalyzed conditions 


(with removal of water), as shown. 
N 
AA 


HO—NH> 
[ TsOH ] 


a a 
- H2O 


‘or 


www.MyEbookNiche.eCrater.com 


718 CHAPTER 19 


(b) Treating a ketone with hydrazine under acidic H H»N—NH> H 
conditions (with removal of water) gives a hydrazone [H2SO4] -NH2 
(R2C=NNHz). During this process, the oxygen atom of On 2 N 

the starting ketone is replaced with a nitrogen atom - H2O 


connected to an NH2 group: 


19.19. 

(a) As seen in Mechanism 19.7, enamine formation proceeds via six steps. First, the amine functions as a nucleophile 
and attacks the ketone. The resulting intermediate is then protonated to remove the negative charge (note that the likely 
proton source under these conditions is a protonated amine, or ammonium ion). Proton transfer then gives a 
carbinolamine (note that the likely base for this step is a molecule of the amine). Protonation then converts the bad 
leaving group (hydroxide) into a good leaving group (water). Loss of water then gives an iminium ion, which is 
deprotonated to give an enamine. 


H 
E I® H, „Et 
Hac t WN? et N 
“| ow. A 
z Et :O: Et OH Et 
aey AA H hy = 
/ 
> /® Et 
/ 
Et © Et Et 
| 
Et 
Et_® Et H.®_H 
H, _H N 5 er 
Ft yt i H-O Ss À. Et 
KZA a a iis i 
a H Et 


(b) As seen in Mechanism 19.7, enamine formation proceeds via six steps. First, the amine functions as a nucleophile 
and attacks the ketone. The resulting intermediate is then protonated to remove the negative charge (note that the likely 
proton source under these conditions is a protonated amine, or ammonium ion). Proton transfer then gives a 
carbinolamine (note that the likely base for this step is a molecule of the amine). Protonation then converts the bad 
leaving group (hydroxide) into a good leaving group (water). Loss of water then gives an iminium ion, which is 
deprotonated to give an enamine. 


Me Me Me 
H, Me \ LH H WH H_ „Me | 
o N O, NZ NIS r ‘S oe N—Me 
CW O.7@Me H—N—-Me HO SMe l ye 
Me a Me 
e 
i 
© 
HN? 
Me 
M 
Me, Me Me H Me_® Me 1 re 


: D H7O 
ne a A Bias Ue 
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19.20. 

(a) Upon treatment with a secondary amine under acid- 
catalyzed conditions (with removal of water), a ketone is 
converted to an enamine. The carbon atom of the 
carbonyl group ends up being connected to the nitrogen 
atom (with a single bond), and that same carbon atom 
ends up having a double bond to a neighboring carbon 
atom, as shown. In the process, the oxygen atom is 
removed altogether, as well as two protons (one from the 
nitrogen atom and the other from a carbon atom) to give 
loss of water. 


[H"] i 3 
O N 
CO- 
—— 
- H20 


(b) Upon treatment with a secondary amine under acid- 
catalyzed conditions (with removal of water), a ketone is 
converted to an enamine. The carbon atom of the 
carbonyl group ends up being connected to the nitrogen 
atom (with a single bond), and that same carbon atom 
ends up having a double bond to a neighboring carbon 
atom, as shown. In the process, the oxygen atom is 
removed altogether, as well as two protons (one from the 
nitrogen atom and the other from a carbon atom) to give 
loss of water. 


rok 3 


- H2O N 


(c) Under acid-catalyzed conditions (with removal of 
water), a ketone will react with a secondary amine to 
give an enamine. In this case, the carbonyl group and 
the amino group are tethered to each other (in the same 
molecule), and therefore, the reaction occurs in an 
intramolecular fashion, forming a five-membered ring 
(four carbon atoms and one nitrogen atom). The carbon 
atom of the carbonyl group ends up being connected to 
the nitrogen atom (with a single bond). That same 


19.21. 
(a) Enamines are formed from secondary amines. 
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carbon atom ends up having a double bond to a 
neighboring carbon atom. The oxygen atom is removed 
altogether, as well as two protons (one from the nitrogen 
atom and the other from a carbon atom) to give loss of 
water. 


Note that locants have been assigned to help draw the 
product. These locants do not have to conform to IUPAC 
rules, as they are just helpful tools that we are using to 
draw the product correctly. The starting material above 
is not numbered according to IUPAC rules but that is 
OK, as long as we don’t name the starting material using 
these incorrect locants. 


(d) Under acid-catalyzed conditions (with removal of 
water), a ketone will react with a secondary amine to 
give an enamine. In this case, the carbonyl group and 
the amino group are tethered to each other (in the same 
molecule), and therefore, the reaction occurs in an 
intramolecular fashion, forming a five-membered ring 
(four carbon atoms and one nitrogen atom). The carbon 
atom of the carbonyl group ends up being connected to 
the nitrogen atom (with a single bond). That same 
carbon atom ends up having a double bond to a 
neighboring carbon atom. The oxygen atom is removed 
altogether, as well as two protons (one from the nitrogen 
atom and the other from a carbon atom) to give loss of 
water. Locants have been assigned to help draw the 
product. 


Since compound 2 is an enamine, proline must be a secondary 


amine. If we analyze the structure of 2, we can see that proline must contain a 5-membered ring, as shown: 


ps 
| 


H Proline 
O O 
1 

(6) 


www.MyEbookNiche.eCrater.com 


720 CHAPTER 19 


(b) The formation of the enamine intermediate proceeds via six steps. First the nitrogen atom in proline attacks a 
carbonyl group. The next three steps are a series of proton transfers assisted by a general acid or general base. 
Expulsion of water affords an iminium ion, followed by deprotonation to yield the enamine. 


For the entire mechanism, the general acid is likely the carboxylic acid or the protonated amine on proline (R—CO2H 
or R—NHs°) and the general base is likely the free amine on proline (R—NHz2). 


19.22. The starting material is a ketone, and the reagents indicate formation of a hydrazone, followed by a Wolff- 
Kishner reduction. The net result is complete reduction of the carbonyl group to a methylene group (CH2): 


(0) 
IY =a 
Formation of the hydrazone occurs via a six-step process (Mechanism 19.6). First, hydrazine functions as a 
nucleophile and attacks the ketone. The resulting intermediate is then protonated to remove the negative charge (note 
that the likely proton source under these conditions is a protonated hydrazine). Proton transfer then gives a 
carbinolamine (note that the likely base for this step is hydrazine). Protonation then converts the bad leaving group 


(hydroxide) into a good leaving group (water). Loss of water then gives an iminium ion, which is deprotonated to give 
the hydrazone. 


HS -H H H H, JH 
. Al / N 
i 7 HENEN fn 
2° H^ `H :O: H H OH A H” “H 
<= at Rohe 
Ry R2 Rz N 2 lo 
/@®> @®-H 
Hono H H—-N 
H H 
T aTa 
N L NHO NH H H 
F k p 2 NAZ 
N^ `H N ÒN -H2O 
JL av i Se H 
Ry Ro R4 R2 R4 7 No 
2 
Na 
H H 
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And then, under basic conditions, the hydrazone is reduced via the process shown here. As seen in Mechanism 19.8, 
three successive proton transfer steps, followed by loss of nitrogen gas, gives a carbanion, which is protonated by water 


to give the product: 


Ry 


19.23. 

(a) The starting compound is an acetal, and it is being 
treated with aqueous acid, so a hydrolysis reaction is 
expected. We first identify the bonds that will undergo 
cleavage. When an acetal undergoes hydrolysis, 
cleavage occurs for the C-O bonds of the acetal group: 


Wig 
Ce, 


Therefore, the following carbon atom will be converted 
into a carbonyl group: 


E D 
O 
In the process, a diol is released, as shown: 


O 
X > D 
— O + 
O HO 


(b) The starting compound is an imine, and it is being 
treated with aqueous acid, so a hydrolysis reaction is 
expected. We first identify the bond that will undergo 
cleavage. When an imine undergoes hydrolysis, 
cleavage occurs for the C=N bond: 


P 


Therefore, the following carbon atom will be converted 
into a carbonyl group: 


As a result of cleavage of the C=N bond, the carbon 
atom becomes a carbonyl group, and the nitrogen atom 
will accept two protons to generate a primary amine: 


H30* 


(c) The starting compound is an acetal, and it is being 
treated with aqueous acid, so a hydrolysis reaction is 
expected. We first identify the bonds that will undergo 
cleavage. When an acetal undergoes hydrolysis, 
cleavage occurs for the C-O bonds of the acetal group: 


Therefore, the following carbon atom will be converted 
into a carbonyl group: 
H H 
AA 
A on 


A 


In the process, a diol is released, as shown: 


HOH 
Np 
H H i 
\/ I 
© 
oE So H30* 
HO OH 
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(d) The starting compound is an enamine, and it is 
being treated with aqueous acid, so a hydrolysis reaction 
is expected. We first identify the bond that will undergo 
cleavage. When an enamine undergoes hydrolysis, 
cleavage occurs for the bond between the nitrogen atom 
and the sp?-hybridized carbon atom to which it is 


attached: 
k 2 N(CH3)2 


Therefore, the following carbon atom will be converted 
into a carbonyl group: 


N(CH3)2 


As a result of the C-N bond cleavage, the carbon atom 
becomes a carbonyl group, and the nitrogen atom will 
accept a proton to generate a secondary amine: 


ZN(CHs)2 1,0" O 
— 


+ (CH3)2NH 


(e) In the starting compound, the nitrogen atom is 
connected to two different vinylic positions. As such, 
there are two C-N bonds that will undergo hydrolysis: 


=) 
N—CH, 
Tn 


—_—= 


Each of these C-N bonds will be cleaved in the same 
way that the C-N bond of an enamine group can be 
cleaved. That is, each of the following carbon atoms 
(highlighted) will be converted into a carbonyl group: 


N—CH3 


In the process, an amine is released, as shown: 


O 
— excess H 
ON H 30* \ 
N—CH; ——> + N—CH3 
A, / 
oor H 
(0) 


(£) The starting compound exhibits a carbon atom that 
is connected to two oxygen atoms, as shown, and is 


therefore an acetal: 


When an acetal is treated with aqueous acid, it is 
expected to undergo hydrolysis. We first identify the 
bonds that will undergo cleavage. When an acetal 
undergoes hydrolysis, cleavage occurs for the C-O bonds 


of the acetal group: 
A 
raed 


O 


Each of these bonds is broken, thereby converting the 
carbon atom of the acetal group into a carbonyl group. 
In the process, each of the oxygen atoms will accept a 
proton to become an OH group, giving the following 
product, which exhibits a carbonyl group, as well as two 
OH groups: 


O O 
Oo 
H 
= ce 
HO. OH HN% OH 


19.24. First identify which bond(s) are susceptible to acid-catalyzed hydrolysis. Compound 1 contains a carbon atom 
flanked by two ether-like oxygen atoms and is therefore an acetal. These two C-O bonds can undergo hydrolytic 


cleavage upon reaction with excess water and catalytic acid. 


NO, 
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Next, identify the carbon atom that is converted into a carbonyl group. 


NO; 


Note that the acetal carbon bears a hydrogen atom, and will therefore yield an aldehyde upon hydrolysis. Hydrolysis of 
this acetal leads to two ring-openings, so the “fragments” will still be tethered to the rest of the molecule in the final 
product. The two acetal oxygen atoms will become OH groups. The acetal carbon of 1 was a chiral center, and it has 
been converted into a planar aldehyde group (not a chiral center). The other chiral center in compound 1 was not 
affected by hydrolysis, so it retains its configuration (H is still on a dash). 


NO, 


19.25. In aqueous acidic conditions, one of the nitrogen atoms is protonated to give an ammonium ion. Loss of a 
leaving group then generates an iminium ion, which is attacked by water to give an oxonium ion. Loss of a proton then 
gives an alcohol (the likely base is water). Protonation of the neighboring nitrogen atom gives a leaving group, which 
leaves, thereby expelling a fragment with one carbon atom. A proton transfer provides the first equivalent of 
formaldehyde. The other equivalents are formed in a similar way. 


H ap 
N To: i 
q ae `H HR, 
LNL L-NĪ/® 


H -OH H 
ol S | : 
was Bu 


N—H H © CŒ@N—H 
1 JL G 
— > 
N- N. # >N-~|_ N. + 
LNL © H~ `H ins " 


CH20 + NH 
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19.26. 

(a) The starting material is a ketone, and the reagents 
indicate the formation of a cyclic thioacetal, followed by 
desulfurization with Raney nickel. The net result is 
conversion of the carbonyl group into a methylene (CH2) 


group, as shown. 
[H] Raney Ni / 


(b) The starting material is an aldehyde, and the 
reagents indicate the formation of a cyclic thioacetal, 
followed by desulfurization with Raney nickel. The net 
result is the reduction of the carbonyl group to give an 
alkane. 


(6) 
oe H 
[H*] 
HS SH 


O 


J 


1) [H*], HS SH 
—— 


2) Raney Ni 


J 


1)[HĦ, HS SH 


Y 
Lo 
Raney Ni/ 
D 


19.27. When a ketone is treated with a dithiol in the 
presence of an acid catalyst, a cyclic thioacetal is 
formed. The carbonyl group is replaced with C-S bonds, 
as shown: 


2) Raney Ni 


19.28. 

(a) The starting material is a ketone, and LiAlH4 is a 
hydride reducing agent. Upon treatment with LiAlHa, 
followed by water work-up, the ketone is reduced to give 
the following secondary alcohol. A new chiral center is 
formed in the process, so we expect a racemic mixture of 


enantiomers: 
OH 
DO (racemic) 


(b) The starting material is an aldehyde, and NaBH; is a 
hydride reducing agent. Upon treatment with NaBHa 
and methanol, the aldehyde is reduced to give the 
following primary alcohol: 

OH 


(c) The starting material is a ketone, and LiAlH4 is a 
hydride reducing agent. Upon treatment with LiAlHs, 
followed by water work-up, the ketone is reduced to give 
the following secondary alcohol. A new chiral center is 
formed in the process, so we expect a racemic mixture of 
enantiomers: 

OH 


(racemic) 


(d) The starting material is a ketone, and NaBH; is a 
hydride reducing agent. Upon treatment with NaBHa 
and methanol, the ketone is reduced to give the following 
secondary alcohol. A new chiral center is formed in the 
process, so we expect a racemic mixture of enantiomers: 


OH 


(racemic) 
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19.29. 

(a) The following mechanism is consistent with the description given in the problem statement. After a hydroxide ion 
attacks one molecule of benzaldehyde, the resulting intermediate functions as a hydride delivery agent to attack another 
molecule of benzaldehyde, giving a carboxylic acid and an alkoxide ion. The alkoxide ion then deprotonates the 
carboxylic acid, generating a more stable carboxylate ion. When the reaction is complete, aqueous acid is added to the 


reaction flask in order to protonate the carboxylate ion, giving benzoic acid. 


(0) OH 


Jk = 
Ph OH nT H 
H 


(b) The function of H30* in the second step is to serve as a proton source to protonate the carboxylate ion, giving 


benzoic acid. 


(c) Water is only a weak acid (pKa = 15.7), and is not sufficiently strong to serve as a proton source for a carboxylate 
ion (pKa of PhCOOH is 4.2). See Section 3.5 for a discussion of this topic. 


19.30. 

(a) The starting material is a ketone, and ethyl 
magnesium bromide is a Grignard reagent (a strong 
nucleophile). Upon treatment with a Grignard reagent, 
followed by water work-up, the ketone is converted to a 
tertiary alcohol (with installation of an ethyl group): 


HO 


(b) The starting material is an aldehyde, and phenyl 
magnesium bromide is a Grignard reagent (a strong 
nucleophile). Upon treatment with a Grignard reagent, 
followed by water work-up, the aldehyde is converted to 
a secondary alcohol (with installation of a phenyl group): 


OH 


(c) The starting material is a ketone, and phenyl 
magnesium bromide is a Grignard reagent (a strong 
nucleophile). Upon treatment with a Grignard reagent, 
followed by water work-up, the ketone is attacked, 


giving the alkoxide ion shown. Treatment with aqueous 
acid then protonates the alkoxide ion (giving a tertiary 
alcohol) and also hydrolyzes the acetal group, giving a 
ketone group. During this process, a chiral center is 
formed, so we expect a racemic mixture of enantiomers: 


PhMgBr 


a 
ee 


(racemic) 


19.31. 

(a) This transformation requires installation of a methyl 
group at the a position of an alcohol. We have not 
learned a direct way to achieve this transformation. 
However, if we first oxidize the alcohol to give a ketone, 
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then treatment with methyl magnesium (followed by 
water work-up) will install the methyl group and 
simultaneously reduce the ketone back to an alcohol. 
The net result is the conversion of a secondary alcohol 
into a tertiary alcohol, as shown. A variety of oxidizing 
agents can be used for the oxidation step, including 
chromic acid (formed by mixing sodium dichromate with 
aqueous sulfuric acid). 


OH 1) NagCr207, Me OH 
H2SO,4 , H20 
z 
2) MeMgBr 
3) H2O 
oO 

Na2Cr207 1) MeMgBr 
H2504 , H2O 2) H2O 


(b) This transformation requires installation of a methyl 
group at the a position of an alcohol. We have not 
learned a direct way to achieve this transformation. 
However, if we first oxidize the alcohol to give an 
aldehyde, then treatment with methyl magnesium 
(followed by water work-up) will install the methyl 
group and simultaneously reduce the aldehyde back to an 
alcohol. This final step creates a new chiral center, so a 
racemic mixture of enantiomers is expected. The net 
result is the conversion of a primary alcohol into a 
secondary alcohol, as shown. The oxidation step can be 
performed with PCC (or DMP or Swern), to give an 
aldehyde. The use of chromic acid would result in 
formation of a carboxylic acid, rather than an aldehyde. 


OH OH 


1) PCC, CH2Ch 
2) MeMgBr 


3) H20 (racemic) 


PCC H 
CHCl 


1) MeMgBr 
2) H20 


19.32. 

(a) The starting material is a ketone, and the reagents 
indicate cyanohydrin formation, followed by reduction to 
give an amino alcohol. During cyanohydrin formation, a 
new chiral center is formed, so a racemic mixture is 
expected. 


È 1) KCN, HCN HO NH2 
2) LIAIH4 
3) H20 (racemic) 
HO CN 
KCN, 1) LIAIH4 
HCN 2) HzO 
(racemic) 


(b) The starting material is an aldehyde, and the reagents 
indicate cyanohydrin formation, followed by hydrolysis 
of the cyano group to give a carboxylic acid group. 
During cyanohydrin formation, a new chiral center is 
formed, so a racemic mixture is expected. 


O OH 
H 1) KCN, HCI OH 
— 
2) H3O*, heat O 
(racemic) 
HO CN 
KCN, HCI ij H,0* 
heat 
(racemic) 


19.33. 

(a) This transformation requires installation of a 
carboxylic acid group at the a position of an alcohol. 
We have not learned a direct way to achieve this 
transformation. However, if we first oxidize the alcohol 
to give a ketone, then treatment with KCN and HCI will 
convert the ketone into a cyanohydrin (thereby installing 
the extra carbon atom in the correct location, while 
simultaneously converting the carbonyl group back into 
an alcohol). Hydrolysis of the cyano group then gives 
the desired product. A variety of oxidizing agents can be 
used for the oxidation step, including chromic acid 
(formed by mixing sodium dichromate with aqueous 
sulfuric acid). 


OH 1) NazCr207, OH O 
H2804, H20 
— 
2) KCN, HCI OH 
3) H30* 
NazCr207, e: 
H2804, H20 H30 


o OH 
Cy KCN, HCI CN 
—— 


www.MyEbookNiche.eCrater.com 


CHAPTER 19 727 


(b) This transformation requires installation of a 1) Na2Cr207, 

CH2NE2 group at the a position of an alcohol. We have ii H2504, H2O OH 
not learned a direct way to achieve this transformation. 2) KCN, HCI 

However, if we first oxidize the alcohol to give a ketone, O Tham NH- 
then treatment with KCN and HCl will convert the 4) HO 

ketone into a cyanohydrin (thereby installing the extra 

carbon atom in the correct location, while simultaneously NazCr207, 1) LiAIH, 
converting the carbonyl group back into an alcohol). H2504, H20 2) H2O 
Reduction of the cyano group (with LiAIHa, followed by 

water work-up) then gives the desired product. A variety fe) OH 
of oxidizing agents can be used for the oxidation step, Cy KCN, HCI CN 
including chromic acid (formed by mixing sodium 


dichromate with aqueous sulfuric acid). 


19.34. 

(a) This is a reaction between a ketone and a non-stabilized Wittig reagent. Stereochemistry is not relevant in this case 
since there is only one stereoisomer possible, so the oxygen atom of the carbonyl group is replaced with the propyl 
group of the Wittig reagent, giving an alkene product. Numbering the carbon atoms on the Wittig reagent can help you 
draw the correct number of carbon atoms in the product. 


Swap 
o A 1 A 3 
3 1 Z 
Same as: 
sela D Fr, IC S9 


(b) Reaction of the HWE reagent with acetaldehyde will give the £ alkene as the major product: 


Swap 


2 9S o 
ol © o HWE 
I x reaction 
opr SL pie PSS OEt 
x OEt CH3 H 
Q CH3 
HWE reagent Major 


19.35. After deprotonation, the newly formed Wittig reagent will react with the aldehyde. Because this is a non- 
stabilized Wittig reagent, the Z isomer is expected to be the major product. 


— Swap =À- i 
© as 
S 2 ® Wittig 
ZA a Po n PPhąl Q O O reaction 3 
T Z o — Za 3 O A Aa — > : 
H\_ Base oa MeO“ s SS tH 
5 
Non-stabilized MeO~s z 3 - 1 
Wittig reagent 
(Z}alkene is 


major product 


19.36. The presence of the ester group makes this a stabilized Wittig reagent, so the alkene with E stereochemistry will 
predominate as the major product. 


= Swap Y 


OTBS oO OTBS 
CO2Et 
Ph3P=C — an COEt 
\ 
H New C=C bond has 
a E stereochemistry 
Stabilized 
Wittig reagent 
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19.37. First, the Wittig reagent must be prepared by deprotonation of the phosphonium salt with the given base, t- 
butoxide. The resulting non-stabilized Wittig reagent will react with the aldehyde to form a Z alkene as the major 
product. 


Deprotonate 


© 
AN e PPh3 
BnO Y: 
© 


© (C) 
PPh Br 
Bro o 


H, Qe a non-stabilized A Swap 
wo Wittig reagent 


OBn 


(Z) alkene is 
major product 


19.38. 
(a) There are two possible disconnections for the alkene target molecule. 


Ph p—/ = Better 
— 10) + 3! Br 
/ (faster) 
A -$- 1° RX to make S2 
R or Wittig reagent 


One carbon was the E+ (C=O) & j= 
other carbon was the Nuc (Wittig) -_ 
(2 possible disconnections) => PPh) + O 


Slower 


2° RX to make 
Wittig reagent 


When comparing the two possible Wittig reagents, the one derived from the primary alkyl halide is preferred since it 
would be a faster and higher yielding Sn2 substitution with PPh3. This non-stabilized Wittig reagent reacts with 2- 
butanone to give the target molecule, a Z alkene. 


Synthesis: 


oO 
PPh 3 BuLi Dz 
Br — >> — Ph3P — —_> Da 


Sn2 Deprotonate Wittig 


(b) There is only one possible disconnection for this symmetrical alkene target molecule. The stabilized Wittig 
reagent (due to resonance with phenyl group) is prepared from benzyl bromide and reacts with benzaldehyde to give 
the target molecule, an Æ alkene. 


This carbon 
was the E+ 
(C=O) \ 
N PhsPX Ph B Ph 
OS, a E ea — a 
~ 
This carbon was E+ Nuc 
the Nuc (Wittig) (Wittig) 
Synthesis: Si A 
PPh3 BuLi O SL Ph Stabilized Wittig 
Br Ph y y Ph3PX -Ph j reagent generates 
x~ xv hO (E)-alkene as 
Sn2 Deprotonate Wittig maor product 
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(c) The best disconnection for this alkene target molecule is to align the ester group with the nucleophilic carbon 
(resulting in either a stabilized Wittig or HWE reagent); this will ensure the E configuration in the resulting alkene. 


The other component is a 5-carbon aldehyde. 


Retrosynthesis: This carbon 


was the E+ 


O 4 p C 


I 2 4 


This carbon was the 
Nu: (Wittig or HWE) 


(E)-alkene came from stabilized 
Wittig reagent or HWE reagent 


o 
PPh3 
no a 
Nuc (Wittig) ae 
+ HAIN 5 
or 2 4 
o o 
lI Aldehyde E+ 
P. 
EtO \DOEt 
© OEt 
Nuc (HWE) 


Reaction of pentanal with either the Wittig or HWE reagent shown will afford the desired target molecule, with £ 


stereochemistry. 
Synthesis: 
(0) O 
PPhs 
H ee + ig 
or 
(0) oO (0) 


19.39. 

(a) The starting material is a ketone, and the reagent is a 
peroxy acid, which indicates a Baeyer-Villiger oxidation. 
The ketone is unsymmetrical, so we must decide where 
to insert the oxygen atom (i.e., which side of the 
carbonyl group). According to the trends of migratory 
aptitude that we encountered, we would expect the 
oxygen atom to be inserted on the left side (secondary) 
rather than the right side (primary), giving the following 


product: 
NAc 
Cy 


(b) The starting material is an aldehyde, and the reagent 
is a peroxy acid, which indicates a Baeyer-Villiger 
oxidation. Aldehydes are oxidized to carboxylic acids 
with this process, giving the following product: 


O 


OH 


(c) The starting material is a ketone, and the reagent is a 
peroxy acid, which indicates a Baeyer-Villiger oxidation. 
The ketone is unsymmetrical, so we must decide where 
to insert the oxygen atom (i.e., which side of the 
carbonyl group). According to the trends of migratory 


Wittig 


"Oe 
Ps 


HWE 


(0) 


Stabilized Wittig or HWE 
reagent generates (E)- 
alkene as mgor product 


aptitude that we encountered, we would expect the 
oxygen atom to be inserted on the right side (tertiary) 
rather than the left side (secondary), giving the following 
product: 

O 


19.40. 
(a) We begin by asking the following two questions: 


1) Zs there a change in the carbon skeleton? Yes, the 
carbon skeleton is increasing in size by one carbon 
atom. 

2) Is there a change in the functional groups? Yes, 
the starting material lacks a functional group, and 
the product has an exocyclic double bond 
(extending from the ring). 


Now we must propose a strategy for achieving these 
changes. Since the carbon skeleton is increasing in size 
by one carbon atom, we know that we must form a 
carbon-carbon bond. We have seen several ways to 
make carbon-carbon bonds, and there are certainly many 
acceptable solutions to this problem. Since the extra 
carbon atom bears a double bond, we consider using a 
Wittig reaction as the last step of our synthesis: 
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Ph3P=CH2 


This step will install the extra carbon atom while 
simultaneously installing a double bond in the desired 
location. In order for this strategy to work, we must find 
a way to convert the starting material into the ketone 
above. Since the starting material lacks a functional 
group, the first step our synthesis must be a radical 
bromination: 
Br 


Bro, hv 


In order to complete the synthesis, we must bridge the 
following gap: 


Br 


This transformation requires that we change both the 
location and the identity of the functional group. This 
can be achieved via elimination to give an alkene, 
followed by hydroboration-oxidation to give an alcohol, 
followed by oxidation: 


-0-020 


The entire proposed synthesis is summarized here: 


1) Bro, hv 
2) NaOEt 
3) BH3: THF 
4) H»O>, NaOH 
| Bra, hv 5) NapCr207 j Pie 
H2SO4 , H2O 
Br 6) Ph3P=CH> o 
Na2Cr207 
| NaOEt H2504 , H20 
OH 
1) BH3: THF 


2) H202, NaOH 


(b) We begin by asking the following two questions: 


1) Zs there a change in the carbon skeleton? Yes, the 
carbon skeleton is increasing in size by one carbon 
atom. 

2) Is there a change in the functional groups? Yes, 
the starting material has a triple bond, and the 
product is an alcohol. 


Now we must propose a strategy for achieving these 
changes. There are certainly many acceptable solutions 
to this problem. One such solution derives from the 
following retrosynthetic analysis. An explanation of 
each of the steps (a-c) follows. 


eof 
o+ 0 


a. The desired product is a primary alcohol, which can 
be made via hydroboration-oxidation of an alkene. 

b. The alkene can be made from a ketone via a Wittig 
reaction. 

c. The ketone can be made from the starting alkyne 
(via acid-catalyzed hydration). 


Now let’s draw the forward scheme. The starting alkyne 
is treated with aqueous acid in the presence of mercuric 
sulfate to give a hydration reaction (the initially formed 
enol rapidly tautomerizes to give a methyl ketone). This 
ketone is then treated with a Wittig reagent, thereby 
forming the crucial carbon-carbon bond. The resulting 
alkene is then expected to undergo hydroboration- 
oxidation to give anti-Markovnikov addition of H and 
OH across the double bond, affording the desired 
alcohol. 


OH 
1) H2504, H20 


AA HgSO4 
2) Ph3P=CH> 
— 
3) BH3 ‘THF 
4) H202, NaOH 


H2504, H20 | 1) BH3* THF 


2) H202, NaOH 
o 
te 


(c) There are certainly many acceptable solutions to this 
problem. One such solution is virtually identical to the 
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solution presented for Problem 19.40a, except that the 
last step has been replaced with a Grignard reaction: 


1) Bro, hv 
2) NaOEt 
ea OH 
3) BH3- THF 
4) H202, NaOH 
5) Na2Cr207 1) MeMgBr 
Bro, hv 
2 H2504, H20 2) H20 
6) MeMgBr 
Br 7) H2O 
O 
Na2Cr207 
| Naoe H504, HO 
1) APPS THF Om 


2) THO; NaOH NaOH 


(d) We begin by asking the following two questions: 


1) Zs there a change in the carbon skeleton? Yes, the 
starting material is cyclic and the product is 
acyclic. In addition, the starting material has 
seven carbon atoms, while the product has nine. 
Two carbon atoms must be installed and the ring 
must be opened. 

2) Is there a change in the functional groups? Yes, 
the starting material lacks a functional group, and 
the product has two functional groups (C=O and 
OH). 


Now we must propose a strategy for achieving these 
changes. The ring can be opened via ozonolysis, but 
only if we first install a double bond in the ring: 


Q 
aa 
(0) 
The necessary cycloalkene can be generated from the 
starting material in just two steps: 1) radical bromination 
installs a bromine atom in the tertiary position, and 2) 
subsequent treatment of the resulting tertiary alkyl halide 


with a strong base (such as sodium ethoxide) gives the 
cycloalkene above: 


Do 
~2)DMS 


bb 4 [OO 
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This cycloalkene then undergoes ozonolysis to open the 
ring. After ozonolysis has been performed, the resulting 
dicarbonyl compound can be converted into the product 
in just two steps. First, treatment with excess methyl 
magnesium bromide installs two methyl groups, giving a 
diol. When treated with a strong oxidizing agent, the 
tertiary OH group is unaffected, while the secondary OH 


group is oxidized to a ketone. 
1) Bro, hv 
OH 
2) NaOEt 
—— > 
3) O3 


4) DMS 
5) excess MeMgBr 
Bro, hv 
| ? 6) H2O Na2Cr207 , 
H2SO4, H2O 
7) NazCr207 , Be 


< H2SO4, H2O 


| Naor: 
2) H2O 
5 va AY 
a 
2) DMS O 


(e) The product is an imine, which can be made from 
the corresponding aldehyde and primary amine: 


o= OL 


This aldehyde can be made from the starting material via 
hydroboration-oxidation, followed by oxidation with 


PCC (or DMP or Swern), as shown: 
[H2504], - H20 


1) BH3- THF 
) BHs wt 


1) excess MeMgBr 


1) BH: THF 
2) H205, NaOH 
__3)PCC, CHCl 


4) [H2504], - 


H2N 


2) H202, NaOH 


_PCC, CHCl, 
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(f) While we certainly learned a way to install a bromine 
atom on a ring (bromination) we did not learn a way to 
install the other substituent (highlighted): 


Br. 


However, this substituent can be made from the 
following ketone, using a Wittig reaction: 


O 
Br: Br 


And we have indeed seen a way to install an acyl group 
on a ring (Friedel-Crafts acylation). The two 
substituents are meta to each other, so we must utilize 
the directing effects of the acyl group to install the 
bromine atom in the correct location (Br is an ortho-para 


director, so it cannot be installed first). After the acyl 
group has been installed, the product can be obtained via 
bromination (which installs a bromine atom in the meta 
position), followed by a Wittig reaction, as shown: 


1) ee 


AICls Br 
el 
2) Bro , FeBr3 


3) Ph3P=CH> 
(0) 


ir 


AICls 


O 
O 
Br. 
— 


Ph3P=CH> 


(g) The desired product has a carbon atom (highlighted) connected to two oxygen atoms, so this compound is an 


acetal: 


O 


O 


As such, the last step of our synthesis might be formation of the acetal group from the following precursor: 


OH HO 


O 
[H*] 
ee 
—H20 


m 


Notice that the reaction occurs in an intramolecular fashion because the two OH groups and the carbonyl group are 


tethered together. 


Now we must determine how to make the precursor above from the starting material: 


fe) 
Eto OEt ? 
O O 


OH HO 


o o 
eo 


It might be tempting to treat the starting material with a reducing agent, such as LiAIH4 (xs), so it will reduce the two 
ester groups. Unfortunately, excess LiAlHg will also reduce the ketone: 
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o OH 
Eto OEt 4) xstiatH, HO OH 
as 
o 6 2) H2O 


And once all three functional groups are reduced to a triol, we are stuck, because we have not learned a way to 
selectively oxidize the secondary OH group. This problem can be circumvented by using a protecting group first. That 
is, the ketone can be converted into an acetal group, thereby protecting it prior to the reduction step: 


L 


O 
O_O 
AAA [H*] EtO OEt 
a 
= . HO OH - 7 


-H20 


Notice that the ester groups are NOT converted into acetals. Only the ketone group is converted to an acetal. 
Subsequent reaction with xs LiAlHs causes reduction of both ester groups (the acetal group is stable under these 
conditions). Treatment with aqueous acid will then protonate the dianion (each ester group is reduced to an alkoxide 
when treated with xs LiAlIHa). In addition, aqueous acid will also remove the acetal group, converting it back into a 
ketone. This allows us to perform the final step of the synthesis (intramolecular acetal formation) to give the product. 
The complete synthesis is shown here: 


z 1) [H+], 6.6 
EtO OEt HO OH -H20 
— 
O O 2) excess LiAIH, 
3) H30* 
[H*], 4) LH*], - H20 
4 
TEN [H], 
HO OH - H20 
-H20 
VaN 1) excess LIAIH4 o 


2) H30* 
O. O 3 
O O 


19.41. The product shown is a cyclic acetal, which can be made from a diol and acetone: 


The alkene-diol can be prepared from the corresponding alkyne-diol: 
OH OH 
HO OH 


And the alkyne diol can be prepared from acetylene and two equivalents of formaldehyde: 
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HO OH o o 
uy => Jk a ie JL 
T H `H H “H 


H 


The forward synthesis begins with deprotonation of acetylene and treatment with formaldehyde. Repeating this process 


gives an alkyne-diol, which can be reduced to a cis-alkene-diol. 
conditions (and removal of water) to give the cyclic acetal, 1. 


That diol then reacts with acetone under acidic 


== 1) NaNH> 1) NaNH> HO OH H> OH OH 
—— 2) O 2) O Sy Lindlar's =. 
JL oe, catalyst 
H H H H 
3) H20 [H"] 
(—H20) 


19.42. The signal at 1720 cm’! indicates the presence of 
a carbonyl group. That carbonyl group is reduced to a 
methylene (CH2) group upon treatment with 1,2- 
ethanedithiol followed by Raney nickel. Therefore, the 
position of the carbonyl group (in compound A) must 
correspond with one of the methylene groups in the 
product. Because of symmetry, there are only two 
unique methylene positions in the product. 


cs 
Ae 


Therefore, compound A must be one of the following 
two structures: 


O 
DO QX 
We can differentiate between these two structures based 
on the nature of the carbonyl group. In the first 
structure, the carbonyl group is conjugated to the 
aromatic ring. In the second structure, the carbonyl 
group is isolated. The signal at 1720 cm“ indicates an 
isolated carbonyl group (a conjugated carbonyl group 


would produce a signal near 1680 cm). Therefore, 
compound A must be the structure with the isolated 


carbonyl group. 
Cr 


Compound A 


19.43. 

(a) We begin by identifying the parent. In this case, the 
carbonyl group is part of a five-membered ring, so the 
parent is cyclopentanone. In a cyclic ketone, the 
carbonyl group is at Cl (by definition). Next, we 
identify the substituents. There are two (a propyl group 
at C2 and a methyl group at C3), which are organized 
alphabetically in the name (methyl precedes propyl). We 
then assign a configuration to each of the chiral centers, 
giving the following name: 


O 
1 
2 
4 3: 


% 
ca 


(2S, 3R)-3-methyl-2-propylcyclopentanone 


(b) A cyclic compound containing an aldehyde adjacent 
to the ring is named as a cycloalkane carbaldehyde. In 
this case, the aldehyde group is connected to a six- 
membered ring (cyclohexane), giving the following 


name: 
O 


cyclohexanecarbaldehyde 


(c) This compound is an aldehyde with a parent of four 
carbon atoms, so we might think the parent should be 
butanal. But this parent also contains a double bond, 
which is indicated by changing “an” to “en” (as in 
propane vs. propene). Therefore, in this case, it is 2- 
butenal. Notice that the location of the double bond 
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(between C2 and C3) is indicated with a single locant 
(2). The location of the aldehyde group is at Cl (by 
definition) and need not be specified. The methyl group 
at C3 must be indicated the name. The name does not 
have a stereodescriptor (E or Z) because the C=C bond is 
not stereoisomeric (one of the vinylic positions is 
connected to two identical groups). 


3-methyl-2-butenal 


(d) The parent is a chain of six carbon atoms, with the 
carbonyl group at C3, so the parent is 3-hexanone. Next, 
we identify the substituents. There is only one: a methyl 
group at C4. We then assign a configuration to the chiral 
center, giving the following name: 


(S)-4-methyl-3-hexanone 


19.44, 
(a) The parent indicates three carbon atoms, and the 
suffix “dial” indicates two aldehyde groups at either end 


of the parent chain: 
O O 


(b) The parent (“butanal”) indicates four carbon atoms, 
and the suffix “al” indicates an aldehyde group (which is 
at C1, by definition). A phenyl substituent is located at 
C4: 


(c) The parent (“butanal”) indicates four carbon atoms, 
and the suffix “al” indicates an aldehyde group (which is 
at Cl, by definition). A phenyl substituent is located at 
C3, which is a chiral center with the S configuration: 


(d) The parent (“heptanone”) indicates seven carbon 
atoms, and the suffix “one” indicates a ketone. The 
carbonyl group is located at C4, and there are four 
methyl groups (two at C3 and two at C5): 
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(e) The parent (“pentanal”) indicates five carbon atoms, 
and the suffix “al” indicates an aldehyde group (which is 
at C1, by definition). An OH group is located at C3, 
which is a chiral center with the R configuration: 


OH O 


(£) The parent is acetophenone, and there is an OH group 
in the meta position (C3 of the ring): 


oO 
HO. 3 1 


(g) The parent is benzaldehyde, and there are three nitro 
groups, located at C2, C4, and C6: 


ON 4 


(h) The parent is acetaldehyde (which is the common 
name for ethanal), and there are three bromine atoms. 
Since C1 must be connected to an H (in order to be an 
aldehyde), there are only three positions where the 
bromine atoms can be placed, and they occupy all three 
of those positions. This is why locants were not 
necessary in the name. 


(0) 
B 
NDH 
Br Br 


(i) The parent (“pentanone”) indicates five carbon atoms, 
and the suffix “one” indicates a ketone. The carbonyl 
group is located at C2, and there are two OH groups, 
located at C3 and C4, both of which are chiral centers 
with the R configuration: 

O OH 


19.45. We begin by identifying the parent chain, which is 
a bicyclic structure. Using the skills covered in 
SkillBuilder 4.5, we assign the parent name for this 
structure and we assign a locant for the position of the 
carbonyl group (C2). The configurations of the two 
chiral centers (the bridgeheads, C1 and C4) are assigned 
and included in the name, as shown: 


1 
oO 
4 2 
3 
(1S, 4R)bicyclo[2.2. 1]heptan-2-one 
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19.46. The molecular formula (C4HsO) indicates one 
degree of unsaturation (see Section 14.16), which 
accounts for the carbonyl group of an aldehyde: 


O 


a 


H 


Since there is only one degree of unsaturation (which has 
now been accounted for), the remaining three carbon 
atoms do not comprise a ring and do not possess any 1 
bonds. There are only two ways to connect three carbon 
atoms (without a ring or a n bond), shown here: 


3 
y—3 
1 
Therefore, there are only two aldehydes with the 
molecular formula C4HsO, shown here: 


Pe Oe a 


butanal 


œF 


3 1 


2-methylpropanal 


19.47. The molecular formula (CsH100) indicates one 
degree of unsaturation (see Section 14.16), which 
accounts for the carbonyl group of an aldehyde: 


O 


z 


H 


Since there is only one degree of unsaturation (which has 
now been accounted for), the remaining four carbon 
atoms do not comprise a ring and do not possess any m 
bonds. There are only four ways to connect four carbon 
atoms (without a ring or a 1 bond), shown here: 


Linear Chain of 4 


Wa 


3 1 


Linear Chain of 3 


Linear Chain of 2 


z 


Therefore, there are only four aldehydes with the 
molecular formula CsH100, shown here. One of these 
aldehydes exhibits a chiral center (highlighted): 


(©) 
oe : 
pentanal 
LJ 
H 


3-methylbutanal 


2-methylbutanal 


oO 
or 
2,2-dimethylpropanal 


19.48. The molecular formula (CsH120) indicates one 
degree of unsaturation (see Section 14.16), which 
accounts for the carbonyl group of a ketone: 


O 


WN 


Since there is only one degree of unsaturation (which has 
now been accounted for), the remaining five carbon 
atoms do not comprise a ring and do not possess any m 
bonds. Now let’s consider all of the different unique 
ways of connecting five carbon atoms around a carbonyl 
group. We can immediately rule out any isomers for 
which we place all five carbon atoms on one side of the 
carbonyl group, as that would generate an aldehyde, not 
a ketone. So, either there are four carbon atoms on one 
side of the carbonyl group and one carbon atom on the 
other side, OR, there are two carbon atoms on one side 
and three carbon atoms on the other side. We must 
explore each of these possibilities. 

If we first consider having two carbon atoms on one side 
and three carbon atoms on the other side, there are only 
two such isomers, shown here: 


-a 


Now we consider having four carbon atoms on one side 
of the carbonyl group and one carbon atom on the other 
side. The side with four carbon atoms can be arranged in 
one of four possible ways, shown here, giving rise to 
four more isomers: 


Linear Chain of 4 Linear Chain of 3 


Linear Chain of 2 


H 


2 
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In total, there are six different isomeric ketones with the 
molecular formula CeHi20, shown here. One of these 
ketones exhibits a chiral center (highlighted): 


ee eee a 


2-hexanone 3-hexanone 


A AK 


4-methyl-2-pentanone 
2-methyl-3-pentanone 


Ag i 
3-methyl-2-pentanone 3,3-dimethyl-2-butanone 
19.49, 
(a) The following compound is expected to react with a 
nucleophile more rapidly, because aldehydes are more 
reactive than ketones toward nucleophiles, as a result of 


electronic effects (aldehydes are more electrophilic than 
ketones) as well as steric effects (See Section 19.4). 


O 


(b) The following compound is expected to react with a 
nucleophile more rapidly, because each of the 
trifluoromethyl groups is very powerfully electron- 
withdrawing, thereby rendering the carbonyl group even 
more electrophilic. 


19.50. 

(a) The Wittig reagent attacks the carbonyl group, 
thereby forming a C=C bond between the carbon atom of 
the carbonyl group and the carbon atom attached to 
phosphorus (in the Wittig reagent). In this case, the 
Wittig reagent is stabilized by the presence of the phenyl 
group, so we expect the product to have the E 
configuration. 


Ph. Ph 
O Ph— P= 
Ph H 


H — 


Ph 


I 
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(b) The Wittig reagent attacks the carbonyl group, 
thereby forming a C=C bond between the carbon atom of 
the carbonyl group and the carbon atom attached to 
phosphorus (in the Wittig reagent). In this case, the 
Wittig reagent is not stabilized, so we expect the Z 
alkene as the major product: 


19.51. Each of the Wittig reagents can be made from the 
corresponding alkyl halide, as shown: 


n # =- 0 
Ph—P 

pH H a 

Ph 
Ph—P = X 

PH 
In the first case, the alkyl halide is primary, while in the 
second case, the alkyl halide is secondary (although this 
secondary alkyl halide is likely to behave much like a 
tertiary alkyl halide in that it exhibits significant steric 
hindrance). The latter alkyl halide will be more difficult 


to convert into a Wittig reagent, because it is too 
sterically hindered to undergo an Sn2 attack. 


19.52. 

(a) A Grignard reagent will attack the carbonyl group of 
a ketone, thereby forming a C-C bond and giving a 
tertiary alcohol. In this case, there are two possible 
routes that can be used to form the product via a 
Grignard reaction (the Grignard reaction can be used to 
install either a methyl group or an ethyl group), as 
shown: 


A 


1) MeMgBr 


2) H2O \ 
wey 
1)EtMgBr / 


oO 
<A 2) H20 
(b) A Grignard reagent will attack the carbonyl group of 
a ketone, thereby forming a C-C bond and giving an 
alcohol. In this case, treating cyclohexanone with ethyl 
magnesium bromide (followed by water work-up) gives 
the desired product: 
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O OH 
1) EtMgBr 
—_—— 
2) H2O 


(c) Treating benzophenone with phenyl magnesium 
bromide (followed by water work-up) will afford the 
desired product via a Grignard reaction: 


OH 


orth Ph 
Ph 


(d) A Grignard reagent will attack the carbonyl group of 
a ketone, thereby forming a C-C bond and giving an 
alcohol. In this case, there are two possible routes that 
can be used to form the product via a Grignard reaction 
(the Grignard reaction can be used to install either a 
phenyl group or a butyl group), as shown: 


1) PhMgBr 
rs 


Ph Ph 2) H20 


fe) 
Teee — 
2) H2O 
HO Ph 
O 1) BuMgBr 


an 


19.53. The following retrosynthetic analysis relies on a 
different strategy for opening the ring (rather than 
ozonolysis). Specifically, the final step might involve 
opening a cyclic ester (called a lactone) into the desired 
diol via reduction with LiAlHs (as seen in Section 12.4). 
This ester can be made from the starting material, as 
shown. An explanation of each of the steps (a-d) 
follows. 


: o 
AONA NAA NS 
HO Tie 
\ 
OH o 
d C 
IE FIE E 


a. The diol can be made from the lactone shown, upon 
reduction with xs LiAlH4. 

b. The lactone can be made from the corresponding 
ketone (cyclopentanone). 

c. Cyclopentanone can be made via oxidation of the 
corresponding secondary alcohol (cyclopentanol). 

d. Cyclopentanol can be made from cyclopentene via 
acid-catalyzed hydration. 


2) H2O 


Now let’s draw the forward scheme. Cyclopentene is 
treated with aqueous acid to give cyclopentanol, which is 
then oxidized with chromic acid to give cyclopentanone. 
A Baeyer-Villiger oxidation converts the ketone into a 
lactone (a cyclic ester), which can then be converted into 
the product upon treatment with excess LiAlHs followed 
by water work-up: 


1) H30* 
2) NagCrz07, 
H2504, H20 NNSA 
3) RCO3H HO or 
z w LIAIH4 ijexcess 
H30* LiAIH, 
2) H2O 


OH 


on Cr 


Cy RCO3H 


NazCr207 
H2SO4 , H2O 


19.54. 

(a) A ketone is converted into an imine upon treatment 
with ammonia in acid catalyzed conditions (with 
removal of water). 


Za 


AL 


(b) A ketone is converted into an imine upon treatment 
with a primary amine in acid catalyzed conditions (with 
removal of water). 


N 


A 


(c) A ketone is converted into an acetal upon treatment 
with two equivalents of an alcohol in acid catalyzed 
conditions (with removal of water). 


EtO OEt 


(d) A ketone is converted into an enamine upon 
treatment with a secondary amine in acid catalyzed 
conditions (with removal of water). 


SN 


A 


(e) A ketone is converted into a hydrazone upon 
treatment with hydrazine in acid catalyzed conditions 
(with removal of water). 
NH2 
N 


A 


a 
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(f) A ketone is converted into an oxime upon treatment HO CN 
with hydroxylamine in acid catalyzed conditions (with 
removal of water). 


N OH (j) Ethyl magnesium bromide is a Grignard reagent (a 
J very strong nucleophile) and it will attack a ketone to 
give a tertiary alcohol (with installation of the ethyl 
group at the a position to the OH group): 
(g) A ketone is reduced to a secondary alcohol upon 


treatment with a reducing agent such as NaBH HO 
(methanol serves as a proton source during the reaction). a 
OH 
x (k) A ketone is converted into an alkene when treated 
with a Wittig reagent. This particular Wittig reagent 


installs three carbon atoms, to give the following 
(h) A ketone is converted into an ester upon treatment product: 


with a peroxyacid. This process is called a Baeyer- 
Villiger oxidation. JSC 
oO 


Ay 


(i) A ketone is converted into a cyanohydrin upon 
treatment with HCN and KCN. OH 


(1) A ketone is reduced to a secondary alcohol upon 
treatment with LiAlHs followed by water work-up. 


19.55. Under acid-catalyzed conditions, the carbonyl group can be protonated, rendering it more electrophilic, and 
subject to attack by a nucleophile. There are two options for the attacking nucleophile in the second step of the 
mechanism: 1) the protonated carbonyl group is tethered to an OH group that can function as a nucleophile and attack 
the protonated carbonyl group in an intramolecular fashion, or 2) the reagent (ethanol) can serve as a nucleophile and 
attack the protonated carbonyl group. Indeed, both of these processes will occur, as the product is an acetal. But we 
must decide which one is likely to occur first. As a general rule, intramolecular reactions will occur more rapidly than 
intermolecular reactions. As such, the second step of the mechanism will show the OH group attacking the protonated 
carbonyl group in an intramolecular fashion to give an oxonium ion, which then loses a proton to give a hemiacetal (the 
base for this step is likely a molecule of ethanol). Protonation of the hemiacetal gives a good leaving group (water) 
which leaves to give a resonance-stabilized cation that is attacked by ethanol. The resulting oxonium ion is then 
deprotonated to afford the product. 


/ fw H 
5 ee i eb? OH 
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19.56. When ethylene glycol is treated with a ketone or 
aldehyde in acidic conditions, a cyclic acetal is formed: 


OH 
Co m 
OH R O 


Catechol also has two OH groups (like ethylene glycol). 
So, when treated with a ketone or aldehyde in acidic 
conditions, catechol can behave much like ethylene 
glycol, giving formation of a cyclic acetal: 


OH [H] 
G og m Cre 
OH 


C7H602 
19.57. 


(a) This transformation requires installation of a methyl 
group, which can be achieved with a Grignard reaction 
(by treating the starting material with methyl magnesium 
bromide, followed by aqueous work-up). The resulting 
tertiary alcohol can then be heated with concentrated 
sulfuric acid to give an El process, generating the 
desired alkene. 


1) MeMgBr 
2) H2O = 
3) conc. H2804, heat 
OH 
1) MeMgar conc. H2SO4 
ana heat 


(b) This transformation requires installation of a carbon 
atom, while converting the carbonyl group into a C=C 
bond. This can be achieved in just one step, via a Wittig 
reaction: 


O 
Ph3P=CH2 


(c) This transformation can be achieved in just two 
steps: 1) conversion of the ketone to a cyanohydrin, 
followed by 2) hydrolysis of the cyano group to give a 
carboxylic acid: 


O HO CN HO COOH 
KCN H30* 
HCI 


(d) This transformation involves insertion of an oxygen 
atom next to the carbonyl group of a ketone, thereby 
converting the ketone into a cyclic ester. This can be 
accomplished with a Baeyer-Villiger oxidation, which 
requires the use of a peroxyacid. 


RCO3H o 


19.58. Under acid-catalyzed conditions, one of the carbonyl groups can be protonated, rendering it more electrophilic, 
and subject to attack by a nucleophile. Water serves as a nucleophile, attacking the protonated carbonyl group to give 
an oxonium ion, which then loses a proton (the base for this deprotonation step is likely a molecule of water). Under 
these conditions, the other carbonyl group can be protonated, rendering it more electrophilic (just as we saw with the 
first carbonyl group), and subject to attack by a nucleophile. One of the OH groups (present in the intermediate), can 
then function as a nucleophile and attack the protonated carbonyl group, giving an oxonium ion, which is deprotonated 


to give the product. 


i 
So acts 
p H O 
a E HoH hs o H/H 
Meia h IA A 
H H H H 
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19.59, 

(a) An imine can be prepared from a ketone (or 
aldehyde) and a primary amine. To determine the 
starting ketone and starting amine that must be used, we 
consider the location of the C=N bond in the imine. The 
carbon atom of this bond must have been a carbonyl 
group in the starting ketone, and the nitrogen atom must 
have been connected to two protons in the starting 
amine. So, the following starting materials should give 
the desired imine (under acid-catalyzed conditions with 
removal of water): 


NH, O 
: [ H2S04 ] 

-H20 

ene 
(b) An imine can be prepared from a ketone (or 
aldehyde) and a primary amine. To determine the 
starting ketone and starting amine that must be used, we 
consider the location of the C=N bond in the imine. The 
carbon atom of this bond must have been a carbonyl 
group in the starting ketone, and the nitrogen atom must 
have been connected to two protons in the starting 
amine. So, the following starting materials should give 


the desired imine (under acid-catalyzed conditions with 
removal of water): 


(c) An imine can be prepared from a ketone (or 
aldehyde) and a primary amine. To determine the 
starting ketone and starting amine that must be used, we 
consider the location of the C=N bond in the imine. The 
carbon atom of this bond must have been a carbonyl 
group in the starting ketone, and the nitrogen atom must 
have been connected to two protons in the starting 
amine. In this case, the C=N bond is incorporated into a 
ring, which means that the starting ketone and the 
starting amine must have been tethered to each other in 
the starting material (thereby closing into a cyclic imine). 
That is, imine formation must occur in an intramolecular 
fashion (under acid-catalyzed conditions with removal of 
water): 


O N 
[ H2804] AA 


=> 


NH2 -H,O 
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19.60. 

(a) An enamine can be prepared from a ketone (or 
aldehyde) and a secondary amine. To determine the 
starting ketone and starting amine that must be used, we 
consider the location of the vinylic carbon atom 
(highlighted) connected directly to nitrogen: 


SI 


This carbon atom must have been a carbonyl group in the 
starting ketone, and the nitrogen atom must have been 
connected to one proton in the starting amine. So, the 
following starting materials should give the desired 
enamine (under acid-catalyzed conditions with removal 
of water): 


O= -=C 


[ H2SO4 ] 


O 


(b) An enamine can be prepared from a ketone (or 
aldehyde) and a secondary amine. To determine the 
starting ketone and starting amine that must be used, we 
consider the location of the vinylic carbon atom 
(highlighted) connected directly to nitrogen: 


This carbon atom must have been a carbonyl group in the 
starting ketone, and the nitrogen atom must have been 
connected to one proton in the starting amine. So, the 
following starting materials should give the desired 


enamine (under acid-catalyzed conditions with removal 
of water): 


C o< 


[ H2S0;3 ] 


OO 


(c) An enamine can be prepared from a ketone (or 
aldehyde) and a secondary amine. To determine the 
starting ketone and starting amine that must be used, we 
consider the location of the vinylic carbon atom 
(highlighted) connected directly to nitrogen: 


N 
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This carbon atom must have been a carbonyl group in the 
starting ketone, and the nitrogen atom must have been 
connected to one proton in the starting amine. In this 
case, the C-N bond of the enamine group is incorporated 
into a ring, which means that the starting ketone and the 
starting amine must have been tethered to each other in 
the starting material (thereby closing into a cyclic 
enamine). That is, enamine formation must occur in an 
intramolecular fashion (under acid-catalyzed conditions 
with removal of water): 
| 


O N 
Hi [ H2S0; ] 
— 
NS -H0O 


19.61. 

(a) To determine the products of hydrolysis of an 
enamine, we must first identify the bond that will 
undergo cleavage. Bond cleavage is expected for the 
bond between the nitrogen atom and the sp°-hybridized 
carbon atom to which it is attached: 


Nyy 


[| 
vwwvvu 


ô 


Therefore, the following carbon atom will be converted 
into a carbonyl group: 


As a result of the C-N bond cleavage, the carbon atom 
becomes a carbonyl group, and the nitrogen atom will 
accept a proton to generate a secondary amine (dimethyl 
amine): 


Se N = 
(b) To determine the products of hydrolysis of an imine, 


we must first identify the bond that will undergo 
cleavage. Bond cleavage is expected for the C=N bond: 


H,0* 


+ (CH3)2NH 


Therefore, the following carbon atom will be converted 
into a carbonyl group: 


N 


As a result of cleavage of the C=N bond, the carbon 
atom becomes a carbonyl group, and the nitrogen atom 
will accept two protons to generate a primary amine 
(methyl amine): 


8 
(c) To determine the products of hydrolysis of an acetal, 
we must first identify the bonds that will undergo 


cleavage. Bond cleavage is expected for the C-O bonds 
of the acetal group: 


H,0* 


e + CH3NH2 


Therefore, the following carbon atom will be converted 
into a carbonyl group: 


O 
O 


In the process, a diol is released, as shown: 


i % o 


Oo 0 
H30* 
A . 


(d) The starting compound exhibits a carbon atom that is 
connected to two oxygen atoms, as shown, and is 
therefore an acetal: 


Q 


When an acetal is treated with aqueous acid, it will 
undergo hydrolysis. During acetal hydrolysis, cleavage 
occurs for the C-O bonds of the acetal group: 
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Each of these bonds is broken, thereby converting the O H,0* 
carbon atom of the acetal group into a carbonyl group. 
In the process, each of the oxygen atoms will accept a OH 
proton to become an OH group, giving the following 

product, which exhibits a carbonyl group, as well as two O 
OH groups: O 


19.62. This compound contains three different functional groups that will each undergo hydrolysis. The enamine 
(upper left corner) is hydrolyzed to give a ketone and a secondary amine. The imine (bottom left) is hydrolyzed to give 
an aldehyde and an amino group (tethered together). And finally, the cyclic acetal is hydrolyzed to give a ketone and 
ethylene glycol, as shown: 


\ (0) 
N 


Z 
(0) excess H30* \ O o 


HO 
Z T N~ + + p 


27 
O 
x= 
O 


NH2 


19.63. 

(a) This transformation involves hydrolysis of an enamine under acidic conditions, and therefore, we propose a 
mechanism that is the reverse of the mechanism for enamine formation (all of the same intermediates, but in reverse 
order). Under acid-catalyzed conditions, the z bond of the enamine can be protonated, giving an iminium ion which is 
then attacked by water to give an oxonium ion. Loss of a proton gives a carbinolamine intermediate. Protonation of 
the amino group gives a good leaving group, which leaves to give a resonance-stabilized cation that is deprotonated to 
give the product. 


0-H O 
H 
2 
Oo 
H~@®~H 
. o 
H Oo u-O5y 7 2o? 
eee ioiak ON 
a H ae H is 
COH 
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(b) This transformation involves hydrolysis of an imine under acidic conditions, and therefore, we propose a 
mechanism that is the reverse of the mechanism for imine formation (all of the same intermediates, but in reverse 
order). Under acid-catalyzed conditions, the imine is protonated, giving an iminium ion which is then attacked by 
water to give an oxonium ion. Loss of a proton gives a carbinolamine intermediate. Protonation of the amino group 
gives a good leaving group, which leaves to give a resonance-stabilized cation that is deprotonated to give the product. 


(c) This transformation involves hydrolysis of an acetal under acidic conditions, and therefore, we propose a 
mechanism that is the reverse of the mechanism for acetal formation (all of the same intermediates, but in reverse 
order). Under acid-catalyzed conditions, one of the oxygen atoms can be protonated (we can protonate either oxygen 
atom, and the end result will be the same), giving an oxonium ion. Loss of leaving group gives a resonance-stabilized 
cation that can be attacked by water to give another oxonium ion. Deprotonation gives a hemiacetal (water likely 
functions as the base for this step). Protonation, followed by loss of a leaving group gives a protonated aldehyde, 
which is deprotonated to give the product. 


H 
| 


o. H OH OH 
T ~ e nog ics 
A7 mo o a H/H 
(0) 70: Do? oO 
® 
ow, 
HI k 
TA 
Hl `H 
oÑ H gh 
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19.64. 

(a) The starting material is a ketone, and the reagent is a 
substituted derivative of hydrazine. We therefore expect 
the following substituted hydrazone as a product: 


(b) The starting material is a ketone, and the reagent is 
phenyl magnesium bromide (a Grignard reagent, which 
is a very strong nucleophile). The Grignard reagent will 
attack the ketone to give a tertiary alcohol (with 
installation of the phenyl group at the a position): 


O HO Ph 


1) PhMgBr 
— 
2) H2O 


(c) The starting material is a ketone, and the reagent 
(CH;CO3H) is a peroxy acid, which indicates a Baeyer- 
Villiger reaction, thereby converting the ketone into an 
ester. We expect that the oxygen atom will be inserted 
on the right side (tertiary) rather than left side (phenyl), 
because of differences in migratory aptitude (tertiary > 


phenyl). 


(0) O 
— > 


(d) The starting material is a ketone, and the reagent 
(CH;CO3H) is a peroxy acid, which indicates a Baeyer- 
Villiger reaction, thereby converting the ketone into an 
ester. We expect that the oxygen atom will be inserted 
on the right side (tertiary) rather than left side 
(secondary), because of differences in migratory aptitude 
(tertiary > secondary). 


o o 
CH3CO3H MM 
= o 


(e) A ketone is converted into an imine upon treatment 
with a primary amine in acid catalyzed conditions (with 
removal of water). In the process, the C=O bond is 
replaced a C=N bond. 
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O [HY N 
Sa 
= 
(H20) 
19.65. 


(a) The desired product is a cyclic acetal, which will 
require a diol and the appropriate ketone or aldehyde. 
To determine the identity of the starting ketone or 
aldehyde, we find the carbon atom that is connected to 
two oxygen atoms (highlighted): 


CX 

O 

This carbon atom bears the acetal group, so this carbon 
atom must have been the carbonyl group in the starting 


materials, as shown. The starting materials are 1,3- 
propanediol and acetone. 


E o 


(b) This compound is a cyclic acetal, which can be made 
from the corresponding hydroxy-ketone and ethanol, as 
shown: 


HO 


(c) The product is an acetal, because the following 
(highlighted) carbon atom is connected to two oxygen 


atoms: 
A 
O O 


This carbon atom must have been the carbonyl group in 
the starting material, as shown: 


p [H*] ~ 
He (H20) [Bo 
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The starting material exhibits a carbonyl group, as well 
as two OH groups, and can be redrawn like this: 


19.66. The desired product is an acetal, because the 
following (highlighted) carbon atom is connected to two 


oxygen atoms: 
ci 
O 


This carbon atom must have been the carbonyl group in 
the starting material, as shown: 


Cr od > 


The diol and aldehyde shown above (ethylene glycol and 
acetaldehyde) can both be prepared from ethanol, as 
shown in the following retrosynthetic analysis. An 
explanation of each of the steps (a-d) follows. 

H 


fe T+ 
po l 


O 
CHo) 


C 
o E A Noh 
a. The acetal can be made from ethylene glycol and 
acetaldehyde. 
b. Ethylene glycol can be made from ethylene via 
dihydroxylation. 
c. Ethylene can be made from ethanol via acid- 
catalyzed dehydration. 


d. Acetaldehyde can be prepared from ethanol via 
oxidation (with PCC) 


Now let’s draw the forward scheme. Ethanol is heated 
with concentrated sulfuric acid to give ethylene. 
Subsequent treatment with potassium permanganate (or 
osmium tetroxide) gives ethylene glycol. 

Another equivalent of ethanol is oxidized with PCC (or 
DMP or Swern) to give an aldehyde, which is then 
treated with ethylene glycol in acid-catalyzed conditions 
(with removal of water) to give the desired acetal, as 
shown. 


conc. 
DN H2504 Z 
——_> 
OH heat G 
PCC KMnO4 
NaOH 
CHCl cold 
HO 
e) Sou oO 
A. a 
H [H*] o 
- H2O 
19.67. 


(a) The desired product is an acetal, because the 
following (highlighted) carbon atom is connected to two 
oxygen atoms: 

Oo oO 


QO 


Therefore, this acetal can be made (via acetal formation) 


from the following dihydroxyketone: 

OH 4 HO ace 

Now we must find a way to convert the starting material 
into the dihydroxyketone above. It might be tempting to 


perform ozonolysis on the starting material, followed by 
reduction: 


O O O 
$ O 
oO (0) HO OH 


However, the reduction step is problematic, because we 
don’t know a way to selectively reduce the aldehyde 
groups in the presence of a ketone. Therefore, treatment 
with a reducing agent (such as LiA1H4) would result in a 


triol: 
O OH 
O O 
| N 
O O HO OH 


To circumvent this problem, we must first protect the 
ketone, before opening the ring with ozonolysis. 
The entire synthesis is summarized here: 
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O / \ 
1) HO OH, 
[H*], -H20 oO 9 
— 
2) O3 (XJ 
3) DMS 


4) xs LiAIH, [H*] 
HO OH SHO -H20 


6) H30* 
7) [H*], -H20 E 


HO OH 


| H30* 
C9 
HO OH 
(b) The desired product is an acetal, because the 


following (highlighted) carbon atom is connected to two 
oxygen atoms: 


1) xs LIAIH4 
—— 
2) H20 
i \\ 
Oo o 


O O 


Therefore, this acetal can be made (via acetal formation) 
from the following dihydroxyketone: 


Ho ° OH [H*] O Q 
— > 
-H20 


Now we must find a way to convert the starting material 
into the dihydroxyketone above. It might be tempting to 
simply reduce the cyclic ester with xs LiAlHa: 


(0) 


oO 


OH HO OH 


oO 
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However, this reduction step is problematic, because 
treatment with a reducing agent (such as LiAlH4) would 
result in a triol: 


oO OH 
ue ue H 
= 

9 OH 


To circumvent this problem, we must first protect the 
ketone, before opening the ring with reduction. The 
entire synthesis is summarized here: 


1) HO OH 
(0) [H*], -H20 
. o 
3 2) xs LIAIH4 O 
3) H20 
4) H30* 
o 
5) [H*], -H20 . 
SN [H] 
HO OH -H20 
[H*] 
- H20 
a 


1) xs LIAIH4 4 
2) H20 H30 


19.68. The starting compound exhibits a carbon atom 
that is connected to two oxygen atoms, as shown, and is 
therefore an acetal: 


Ch 


When an acetal is treated with aqueous acid, it is 
expected to undergo hydrolysis. We first identify the 
bonds that will undergo cleavage. When an acetal 
undergoes hydrolysis, cleavage occurs for the C-O bonds 
of the acetal group: 


Gn 
O 


Each of these bonds is broken, thereby converting the 
carbon atom of the acetal group into a carbonyl group. 
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In the process, each of the oxygen atoms will accept a 
proton to become an OH group, giving the following 
product, which exhibits a carbonyl group, as well as two 
OH groups: 


H,0* 


O 
O 
OH 
O HO 


19.69. 

(a) The product has three more carbon atoms than the 
starting material, which requires a C-C bond-forming 
reaction. Also, the position of the double bond must be 
moved. The extra three carbon atoms and the double 
bond can both be installed in the correct location if the 
last step of our me is a Wittig reaction: 


o 


This strategy requires converting the starting alkene 
(cyclohexene) into the ketone shown above 
(cyclohexanone), which can be achieved in two steps 
(via acid-catalyzed hydration, followed by oxidation 
with chromic acid). A Wittig reaction then gives the 
final A 


DHO G 
2) Na2Cr207, 
~ HzO 
H30* Ga PPh 
NaCO 
Wia HzO oa 


(b) The product is an acetal, which can be made from the 
— ketone: 


MeO OMe 


oe a ee H*] 
“2MeOH 
( —H20 ) 


This ketone can be made from the starting material in 
just two steps. First, the dibromide is converted to an 
alkyne upon treatment with excess sodium amide (via 
two successive E2 reactions), followed by water work-up 
(to protonate the resulting alkynide ion). The terminal 
alkyne is then treated with aqueous acid, in the presence 
of mercuric sulfate, giving a hydration reaction. The 
initially formed enol will rapidly tautomerize to give a 


ketone. Conversion of the ketone to an acetal then gives 
the desired product. 


MeO OMe 

) excess NaNH2 

Oe 
oe 3) H2SO4, H2O 
HgSO4 
4) [H*], 2 MeOH, -H20 

[H*] 
1) excess NaNH2 2 MeOH 
2) H20 (-H20 ) 


H2S04 , H20 
o HgO% 


on 


(c) The desired product is an acetal, because the 
following (highlighted) carbon atom is connected to two 


oxygen atoms: 
P 


O 


Therefore, this acetal can be made (via acetal formation) 
from the following ketone and diol: 


o 
7 [H"] 
———_> 
OH - H20 o 


Now we must find a way to convert the starting 
cycloalkene into the diol shown above. This can be 
achieved in just two steps. First, the ring is opened with 
an ozonolysis reaction to produce a dialdehyde. Then, 
the dialdehyde is reduced to a diol upon treatment with 
two equivalents of a reducing agent. Acetal formation 
then gives the final product. 


1) O3 O 
2) DMS 
z 
3) NaBH, (2 eq.), MeOH ô 
4) [H*], O 
[H*] 
1) Os (H20) o 
2) DMS J 
H (-H20 ) 
o OH 
NaBH, (2 eq.) 
O MeOH OH 
H 


www.MyEbookNiche.eCrater.com 


CHAPTER 19 749 


19.70. The steps of the following mechanism are based on the steps found in Mechanism 19.6 (imine formation). A 
lone pair on the nitrogen atom attacks one of the carbonyl groups, giving an intermediate that is protonated (under 
acidic conditions). The resulting cation is then deprotonated, followed by protonation of the OH group, thereby 
converting a bad leaving group into a good leaving group (water). Loss of the leaving group gives a cation, which is 
then deprotonated. The second carbonyl group is then attacked by a nucleophile, this time in an intramolecular fashion. 
The NH2 group functions as a nucleophile and attacks the carbonyl group, closing a ring. The resulting intermediate is 
then protonated to remove the negative charge, followed by deprotonation. Protonation of the OH group converts a bad 
leaving group into a good leaving group (water), which then leaves. The resulting cation is then deprotonated to give 
the product. 


O go 


H 
| H H 
(©) Sov 
N Wes N we N 
H H 
` 
P 
X CL a Cr N Ta 
ER Ko | 
H H H H 
i 
| POS 
"O. 
NS HH NS - H20 
L Zz 
H 
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19.71. Cyclopropanone exhibits significant ring strain, 
with bond angles of approximately 60°. Some of this 
ring strain is relieved upon conversion to the hydrate, 
because an sp?-hybridized carbon atom (that must be 
120° to be strain free) is replaced by an sp3-hybridized 
carbon atom (that must be only 109.5° to be strain free). 
In contrast, cyclohexanone is a larger ring and exhibits 
only minimal ring strain. Conversion of cyclohexanone 
to its corresponding hydrate does not alleviate a 
significant amount of ring strain. 


19.72. 1,2-dioxane has two adjacent oxygen atoms and 
is therefore a peroxide. Like other peroxides, it is 
extremely unstable and potentially explosive. 

1,3-dioxane has two oxygen atoms separated by one 
carbon atom. This compound is therefore an acetal. 
Like other acetals, it is only stable under basic 
conditions, but undergoes hydrolysis under mildly acidic 
conditions. 

1,4-dioxane is neither a peroxide nor an acetal. It is 
therefore stable under basic conditions as well as mildly 
acidic conditions (like other ethers), and is used as a 
common solvent because of its inert behavior. 


19.73. 


(a) The desired product is an acetal, because the 
following (highlighted) carbon atom is connected to two 


oxygen atoms: 


Therefore, this acetal can be made (via acetal formation) 


from the following diol and formaldehyde: 
OH H [H*] (0) 
C od 2 OG 
OH H o 


The diol can be made from the starting alkene in just one 
step, giving the following two-step synthesis: 


1) KMnO;⁄, NaOH, cold o 
- > 
2) (0) oO 


H~ `H, [H*], -H20 
o 


N A, 
X [H*], -H20 
OH 


(b) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 
steps (a-c) follows. 


KMnO4 
NaOH, cold 


o eoy 
OA 


a. The desired alkene can be made from a ketone via a 
Wittig reaction. 

b. The ketone can be made via oxidation of the 
corresponding secondary alcohol. 

c. The alcohol can be made from the starting material 
via a Grignard reaction. 


OH 


Now let’s draw the forward scheme. Treating the 
starting material with magnesium gives a Grignard 
reagent, which is then treated with acetaldehyde (to give 
a Grignard reaction), followed by water work-up, to give 
the alcohol. Oxidation of the alcohol with chromic acid 
gives a ketone, which can then be converted into the 
desired product upon treatment with a Wittig reagent: 


3) H20 
4) NagCr207 
H»SO,, H2O 


5) Ph3P=CH 
3) H20 ) Pha 2 ö 
OH 


Ph3P=CH> 


NagCr207 


H2504, 
H2O 


(c) The desired product is an acetal, because the 
following (highlighted) carbon atom is connected to two 


oxygen atoms: 
a 


O 


Therefore, this acetal can be made (via acetal formation) 
from the following aldehyde: 


H [H*] o 
i. 
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So we will need to make this aldehyde from the starting 
material. But the starting material lacks a functional 
group, so the first step of our synthesis must be a radical 
bromination process in order to install a functional 


group: 
- - Brz í ja 
— 
hv 


With the functional group installed, we must now bridge 
the gap between the first and last steps of the synthesis: 


T 


This transformation does not involve a change in the 
carbon skeleton, but it does involve a change in both the 
location and the identity of the functional group. This 
can be achieved in just a few steps: 

1) elimination to give an alkene (upon treatment with 
a strong base), 

2) hydroboration-oxidation to convert the alkene into a 
primary alcohol via anti-Markovnikov addition of H 
and OH, and 

3) oxidation of the primary alcohol to an aldehyde 
(with PCC or DMP or Swern). 

The entire synthesis is summarized here: 


1) Bro, hv 

2) NaOEt 

3) BH3- THF 

4) H202, NaOH 


5 


5) PCC, CH2Cl2 J \ 
Bro ; hv SN HO OH 
6) HO OH [H*] (-H20) 
[H*] (-H20) 
| NaOEt PCC 
CH2Clo 
1) BH3: THF 
— ~ > 


2) H205, NaOH 


ps 


(d) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
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retrosynthetic analysis. 
steps (a-c) follows. 


en EN ei 
Oe 


a. The product is a cyanohydrin, which can be made 
from the corresponding ketone. 

b. The ketone can be made via oxidation of the 
corresponding secondary alcohol. 

c. The alcohol can be made from the starting alkene 
via acid-catalyzed hydration. 


An explanation of each of the 


Now let’s draw the forward scheme. The starting alkene 
is converted to an alcohol upon treatment with aqueous 
acid. Oxidation of the alcohol with chromic acid gives a 
ketone, which can then be converted into the desired 
cyanohydrin upon treatment with KCN and HCI: 


of 


H2SO4 , H2O 
ge 3) KCN, HCI KON 
HCI 
Na2Cr207 
H2SO4 , H2O 


-O 


(e) The desired product is an imine, which can be made 


from the corresponding ketone: 


So we will need to make this ketone from the starting 
material. But the starting material lacks a functional 
group, so the first step of our synthesis must be a radical 
bromination process in order to install a functional 


group: 
2 w - 
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With the functional group installed, we must now bridge 
the gap between the first and last steps of the synthesis: 


Br 
Č Si 
This transformation does not involve a change in the 
carbon skeleton, but it does involve a change in both the 


location and the identity of the functional group. This 
can be achieved in just a few steps: 


1) elimination to give an alkene (upon treatment with 
a strong base), 

2) hydroboration-oxidation to convert the alkene into a 
secondary alcohol via anti-Markovnikov addition of 
H and OH, and 

3) oxidation of the secondary alcohol to a ketone (with 
chromic acid). 

The entire synthesis is summarized here: 


1) Br2, hv 


2) NaOEt 
— 


3) BH3 + THF 

4) H202, NaOH 

5) Na2Cr207 
H2SO4 , H2O 

Br 6) [H*], NH3 


(-H20 ) fe) 


Peca, 


l NaOEt 
H2504 , H20 


OH 
1) BH3* THF 


2) H202, NaOH 


(£) This transformation does not involve a change in the 
carbon skeleton, but it does involve a change in both the 
location and the identity of the functional group: 


This can be achieved in just a few steps: 

1) elimination with a strong, sterically hindered base 
to give the less substituted alkene, 

2) hydroboration-oxidation to convert the alkene into a 
primary alcohol via anti-Markovnikov addition of H 
and OH, and 

3) oxidation of the primary alcohol to an aldehyde 
(with PCC or DMP or Swern): 


1) tBuOK 
2)BH THF 
-3) H207, NaOH 
4) PCC, CHCl 


“TY 
| | PCC 
t-BuOK CH2Clo 

OS Senco CT 


(g) The product is an enamine, which can be prepared 


from the or ketone: 
OH] 
of ira 
This ketone can be made from benzene via a Friedel- 
AlCls 


(-H20) 
Crafts acylation: 
z 
2) [H*] 


(CH3)2NH , ( -H20 ) 
o 
[H"] 
cl A (CH3)2NH 
(-H20 ) 


AICI, 


co 


IBH; THE 
2) H202, NaOH 


I 


(h) The desired product is an acetal, because the 
following (highlighted) carbon atom is connected to two 
oxygen atoms: 


O0 


Therefore, this acetal can be made (via acetal formation) 
from the following diol and formaldehyde, as shown: 


So we will need to make this diol from the starting 
material. This can be achieved in just two steps. First, 
the starting diyne is treated with sulfuric acid, in the 
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presence of mercuric sulfate, to give a dione. Then, the 
dione can be reduced with two equivalents of LiAlH4, 
followed by water work-up, to give the diol, which is 
then converted into the desired acetal. 


X, 


1) H2504, H20 


HgSO, 
2) LiAIH, (2 eq.) 
— 
o_O 
[H*] 
o 
eo 
- H20 


Za S 3) H2O 
4) LH* ], CH20, 
H2SO4, HO -H20 
HgSO, 


m 1) LiAIH, (2 eq.) 
— eee 


oO (0) 


a 


2) H20 OH OH 


19.74. The molecular formula (C7H140) indicates one 
degree of unsaturation (see Section 14.16). Therefore, 
the compound must have either one double bond or one 
ring. Treating compound A with a reducing agent 
(NaBHs) gives an alcohol, so compound A is a ketone or 
aldehyde (accounting for the one degree of unsaturation). 
The 'H NMR spectrum of compound A exhibits only 
two signals (for 14 protons). Therefore, the structure 
must be symmetrical. The two signals in the 'H NMR 
spectrum are characteristic of an isopropyl group, which 
means that compound A must be diisopropyl ketone (or 
2,4-dimethyl-3-pentanone). Conversion of compound A 
into a thioacetal, followed by desulfurization with Raney 


19.75. 
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nickel, gives compound B. Notice that the carbonyl 
group has been reduced to a methylene (CH2) group. 


TT 


Compound B 


O 


Compound A 


(a) Compound B is symmetrical, much like compound 
A, giving rise to only three signals in its 'H NMR 
spectrum, corresponding with the following protons: 


Hac) (H 

3 | Hs 

H—C—C—C—H 
Z- X 

H3C H CH3 
Compound B 


(b) Compound B is symmetrical, giving rise to only 
three signals in its BC NMR spectrum, corresponding 
with the following three unique locations: 


H H 
a p es 
HHCHKHCHC—H 
7 | \ 
H 3C H CH 3 
Compound B 


(c) Compound A is a ketone, while compound B is an 
alkane. Therefore, compound A will exhibit a strong 
signal near 1715 cm, while compound B will not 
exhibit a signal in the same region. 


Compound C is converted to an enamine upon treatment with a secondary amine under acid-catalyzed 


conditions, so compound C must be the corresponding ketone. Once we know the structure of compound C, the other 
structures can be identified. Compound A must be an alkene, because ozonolysis gives a ketone (we know that only 
one carbon atom is lost during this process, because the molecular formula of compound A indicates 10 carbon atoms, 
while the resulting ketone has only nine carbon atoms). Compound B must be an acyl halide with three carbon atoms, 
in order to install an acyl group on the aromatic ring via a Friedel-Crafts acylation. Compound D is formed when a 
Grignard reagent (ethyl magnesium bromide) attacks the ketone to give an alkoxide ion which is then protonated (via 
aqueous work-up) to give a tertiary alcohol, as shown: 


1) O3 
2) DMS 
Compound A 
O 


O 
CI AL 
Compound B Compound C SN“ 
ACh 


[H*] , (CH3)2NH 
(-H20) 


HO 


1) EtMgBr 
2) H2O 


Compound D 


Q 
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19.76. Cyclohexene is converted to cyclohexanol upon treatment with aqueous acid (acid-catalyzed hydration). 


Cyclohexanol is oxidized to cyclohexanone upon treatment with a strong oxidizing agent. 
hydrazine in acid-catalyzed conditions, cyclohexanone is converted into the corresponding hydrazone. 


Kishner reduction then gives cyclohexane. 


Upon treatment with 
A Wolff- 


The conversion of cyclohexene to cyclohexane can be achieved more directly, in one step, via hydrogenation: 


OH 
Q “se Cy = 
nyl 


H2, Pt 


Q 


on 
LAF 


NH2NH> 
(-H20 ) 


N 
KOH / H2O > NH2 
tt IO 
heat 


19.77. Benzene undergoes an electrophilic aromatic substitution reaction when treated with Brz and a Lewis acid, such 
as FeBrs, to give bromobenzene. Subsequent treatment with magnesium gives a Grignard reagent (phenyl magnesium 
bromide), which reacts with formaldehyde to give benzyl alcohol (after aqueous work-up). This alcohol is oxidized by 
PCC to give benzaldehyde, which is then converted into an acetal upon treatment with ethylene glycol under acid- 


catalyzed conditions. 


Br 


Bro Mg 
— — 
FeBr3 


19.78. 

(a) The problem statement indicates that the compound 
is an aldehyde. The molecular formula (CsH6O) 
indicates two degrees of unsaturation (see Section 
14.16), but the aldehyde group only accounts for one of 
the degrees of unsaturation. The signal at 1715 cm! 
(stretching of the carbonyl group) indicates that the 
carbonyl group is NOT conjugated. If it were 
conjugated, the signal would be expected to appear at 
lower wavenumber (below 1700 cm’!). 

The following two structures are consistent with the 
requirements described above. The first aldehyde is 
acyclic and exhibits a double bond that is not conjugated 
to the carbonyl group, while the second aldehyde is 


cyclic: 
Wry of my 


OH 
MgBr IL 
1) 
H H 
a or 
2) H2O 
PCC 
CHCl 
O H O 
HO OH 
e 
[H*] , -H20 


(b) The acyclic aldehyde would exhibit four signals in its 
BC NMR spectrum, while cyclopropyl carbaldehyde 
would exhibit only three signals in its °C NMR 
spectrum (two of the carbon atoms of the cyclopropyl 
group are identical). 


19.79. The molecular formula (CoHi0O) indicates five 
degrees of unsaturation (see Section 14.16), which is 
highly suggestive of an aromatic ring, in addition to 
either one double bond or one ring. 

In the 'H NMR spectrum, the signals near 7 ppm are 
likely a result of aromatic protons. Notice that the 
combined integration of these signals is 5H, indicating a 
monosubstituted aromatic ring: 
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The spectrum also exhibits the characteristic pattern of 
an ethyl group (a quartet with an integration of 2 and a 
triplet with an integration of 3): 


ii 
aia 
H H 


If we inspect the two fragments that we have determined 
thus far (the monosubstituted aromatic ring and the ethyl 
group), we will find that these two fragments account for 
nearly all of the atoms in the molecular formula 
(CoH100). We only need to account for one more carbon 
atom and one oxygen atom. And let’s not forget that our 
structure still needs one more degree of unsaturation, 
suggesting a carbonyl group: 


pg 


/ 


i ie ae 
x<=—O-—= 
Æ 


T 
T 
we 
oqo 


This structure is consistent with the 3C NMR spectrum. 
The signal near 200 ppm corresponds with the carbon 
atom of the carbonyl group. A monosubstituted aromatic 
ring gives four signals between 100 and 150 ppm, and 
there are two signals between 0 and 50 ppm, 
corresponding to the carbon atoms of the ethyl group. 
The signal in the IR spectrum (at 1687 cm!) is consistent 
with a conjugated carbonyl group. 


19.80. The molecular formula (Ci3Hi0O) indicates nine 
degrees of unsaturation (see Section 14.16), which is 
highly suggestive of two aromatic rings, in addition to 
either one double bond or one ring. The BC NMR 
spectrum exhibits only five signals, which must account 
for all thirteen carbon atoms in the compound. 
Therefore, many of the carbon atoms are identical, as a 
result of symmetry. There are four signals between 100 
and 150 ppm, indicating a monosubstituted aromatic 
ring. To account for so many degrees of unsaturation, as 
well as the symmetry that must be present, we propose 
two monosubstituted aromatic rings, rather than just one: 


H H H H 
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If we inspect these two fragments, we will find that they 
account for nearly all of the atoms in the molecular 
formula (Ci3Hi00). We only need to account for one 
more carbon atom and one oxygen atom. And let’s not 
forget that our structure still needs one more degree of 
unsaturation, suggesting a carbonyl group: 


There is only one way to connect these fragments, as 
shown: 
O 


The carbonyl group in this compound (benzophenone) is 
conjugated to each of the rings, which explains why it 
produces a signal at a relatively low wavenumber (1660 
cmr!) for a carbonyl group of a ketone. 


19.81. The molecular formula (CoHisO) indicates one 
degree of unsaturation (see Section 14.16). The problem 
statement indicates that the compound is a ketone, which 
accounts for the one degree of unsaturation: 


With only one signal in the 'H NMR spectrum, the 
structure must have a high degree of symmetry, such that 
all eighteen protons are equivalent. This can be achieved 
with two tert-butyl groups: 


(0) 


This compound is a ketone with a parent chain of five 
carbon atoms. The carbonyl group is located at C3, and 
there are four methyl groups (two at C2 and two at C4): 


O 
NINA 


2,2,4,4-Tetramethyl-3-pentanone 


19.82. 
(a) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
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retrosynthetic analysis. An explanation of each of the 
steps (a-c) follows. 


pa BrMg a 
H 


a. The desired product is an imine, which can be made 
from the corresponding ketone. 

b. The ketone can be made via oxidation of the 
corresponding secondary alcohol. 

c. The secondary alcohol can be made via a Grignard 
reaction from compounds containing no more than 
two carbon atoms. 


Now let’s draw the forward scheme. Ethyl bromide is 
converted into ethyl magnesium bromide (a Grignard 
reagent), which is then treated with acetaldehyde (to give 
a Grignard reaction), followed by water work-up, to give 
2-butanol. Oxidation gives 2-butanone, which can then 
be converted into the desired imine upon treatment with 
ammonia in acid-catalyzed conditions (with removal of 
water): 


Be J 
3) H2O 
4) NazCr207, 
[ H2S0, ] 
Mg HSO,, H2O NH3 
5) [H2504] - H20 
NH3, -H20 a 


7 Na2Cr207, 
OH H2SO4, HzO 


(b) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 
steps (a-e) follows. 


O 
VAN OH O ei 
e d rig 
r o o. — AL, 4 se 
CH3MgBr 


a. The desired product is an enamine, which can be 
made from the corresponding ketone (3-pentanone). 

b. The ketone can be made via oxidation of the 
corresponding secondary alcohol (3-pentanol). 

c. The secondary alcohol can be made via a Grignard 
reaction between ethyl magnesium bromide and an 
aldehyde (propanal). 

d. Propanal can be made via oxidation of the 
corresponding alcohol (1-propanol). 

e. 1-Propanol can be made by treating ethylene oxide 
with methyl magnesium bromide. 


Now let’s draw the forward scheme. Ethylene oxide is 
treated with methyl magnesium bromide, followed by 
water work-up to give 1-propanol. This alcohol is then 
oxidized to an aldehyde with PCC (or DMP or Swern), 
and the resulting aldehyde is then treated with ethyl 
magnesium bromide, followed by water work-up, to give 
3-pentanol. Oxidation with chromic acid gives 3- 
pentanone, which is then converted to the corresponding 
enamine upon treatment with dimethylamine and acid 
catalysis (with removal of water): 


1) MeMgBr 
O 2) H2O `I 
A 3) PCC, CH3Cl3 ee 
4) EtMgBr 
1)MeMgBr 5) H20 [H2SO, ] 
2) H20 6) Na2Cr207 (CH3)2NH 
H2SO0; , H2O - H20 
OH 
J 7) [ H2S04] (0) 
- H2O 
Pee NagCr207 
CH2Ch 
H2504 , H2O 
OH 
9 1) EtMgBr ke 
ol 
T 2) H2O 
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(c) The product is a cyclic acetal, which can be made 
from the corresponding ketone: 


O ! \ 
Pee Pee. 
This ketone can be prepared in a variety of ways, so 
there are certainly many acceptable solutions to this 
problem. One such solution derives from the following 


retrosynthetic analysis. An explanation of each of the 
steps (a-e) follows. 


OH 


ANN 


MgBr 
Brig. 7 U c 
a| aa e se 
A OH Br 


a. The ketone can be made via oxidation of the 
corresponding secondary alcohol (2-hexanol). 
b. 2-Hexanol can be made via a Grignard reaction 


between acetaldehyde and butyl magnesium 
bromide. 

c. Butyl magnesium bromide can be made from 1- 
bromobutane. 


d. 1-Bromobutane can be made from 1-butanol via a 
substitution process. 

e. 1-Butanol can be made by treating ethylene oxide 
with ethyl magnesium bromide. 


Now let’s draw the forward scheme. Bromoethane is 
converted into a Grignard reagent and then treated with 
ethylene oxide, followed by water work-up to give 1- 
butanol. This alcohol is then converted to the 
corresponding alkyl bromide upon treatment with PBrs. 
The alkyl bromide is then converted into a Grignard 
reagent (via insertion of Mg), and then treated with 
acetaldehyde, followed by water work-up to give 2- 
hexanol. Oxidation with chromic acid gives 2-hexanone, 
which is then converted to the corresponding acetal upon 
treatment with ethylene glycol and acid catalysis (with 
removal of water): 
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1) Mg 
2) O 
Z 
3) H20 / \ 
BS Oo 6 
4) PBr3 ar ae 
5) Mg 
| 6) O 
Brg H HO OH 
all 7) H20 [HS04] 
o 8 Na2Cr207 - H2O 
1 H2S0;3 , H2O 
Ag 5 
2) H20 HO OH ae ee 
[ H2SO,4 ] 
pe - H20 A 
OH NazCr207 
H2504, 
H2O 
PBr3 1) Mg 2 
7 OH 
2) A 
H AORA SAA 
— r 
Br 3) H20 


(d) The product is a cyclic acetal, which can be made 
from the corresponding ketone: 


O L \ 
e = OL 0 
LPF 
This ketone can be prepared in a variety of ways, so 
there are certainly many acceptable solutions to this 
problem. One such solution derives from the following 


retrosynthetic analysis. An explanation of each of the 
steps (a-d) follows. 


a. The ketone can be made via oxidation of the 
corresponding secondary alcohol (3-hexanol). 

b. 3-Hexanol can be made via a Grignard reaction 
between butanal and ethyl magnesium bromide. 

c. Butanal can be via oxidation of 1-butanol. 
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d. 1-Butanol can be made by treating ethylene oxide 
with ethyl magnesium bromide. 


Now let’s draw the forward scheme. Bromoethane is 
converted into a Grignard reagent and then treated with 
ethylene oxide, followed by water work-up to give 1- 
butanol. This alcohol is then oxidized with PCC (or 
DMP or Swern) to give butanal, which is then treated 
with ethyl magnesium bromide (followed by water work- 
up) to give 3-hexanol. Oxidation with chromic acid 
gives 3-hexanone, which is then converted to the 
corresponding acetal upon treatment with ethylene glycol 
and acid catalysis (with removal of water): 


1) Mg 
2) O 
oe Z\ 
Br 3) H2O 
— > O. O 
4 , CHCl ~AS 
sie ) PCC, CH2Cl2 
ne MgBr 
6) H20 FN 
ri 
MgBr 7) NazCr207 i = OH 
o H2SO4, H2O [H2504] 
- H20 
DAN 8) S 2 


HO OH 


2) H2O [ H2SO4] POW 
OH - H2O 


Na2Cr207, 
PCC, CH2Cl2 H2SO,4 , H2O 
o OH 
eee 2 wae Peat 
— 
H 2) H20 


(e) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 
steps (a-e) follows. 


O 
Z\ OH as 
e d FIG 
+ <— C su ” < 
CH3MgBr 


a. The desired product is an oxime, which can be 
made from the corresponding ketone (3-pentanone). 

b. The ketone can be made via oxidation of the 
corresponding secondary alcohol (3-pentanol). 

c. The secondary alcohol can be made via a Grignard 
reaction between ethyl magnesium bromide and an 
aldehyde (propanal). 

d. Propanal can be made via oxidation of the 
corresponding alcohol (1-propanol). 

e. 1-Propanol can be made by treating ethylene oxide 
with methyl magnesium bromide. 


Now let’s draw the forward scheme. Ethylene oxide is 
treated with methyl magnesium bromide, followed by 
water work-up to give 1-propanol. This alcohol is then 
oxidized to an aldehyde with PCC (or DMP or Swern), 
and the resulting aldehyde is then treated with ethyl 
magnesium bromide, followed by water work-up, to give 
3-pentanol. Oxidation with chromic acid gives 3- 
pentanone, which is then converted to the corresponding 
oxime upon treatment with hydroxylamine and acid 
catalysis (with removal of water): 


1) MeMgBr 
2) H20 eae 
O 3) PCC, CH2Cl2 
LA = 
4) ~ 
1) MeMgB pak ey 
pee " 6) bees HO—NH2 
y Ha H2S04 , H20 - H20 
+ 
OH D TH] fe) 
HO—NH> 
Rr - H20 e ae 
PCC Na2Cr207 
CH2Cl2 H2SO0; , H2O 
fe) OH 
— 1) EtMgBr ee 
H 2) H20 


(f) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 
steps (a-e) follows. 


O 
EN OH O in 
e d rvig 
+ == = A, E < 
CH3MgBr 
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a. The desired product is an alkene, which can be 
made from a ketone (3-pentanone) via a Wittig 
reaction. 

b. The ketone can be made via oxidation of the 
corresponding secondary alcohol (3-pentanol). 

c. The secondary alcohol can be made via a Grignard 
reaction between ethyl magnesium bromide and an 
aldehyde (propanal). 

d. Propanal can be made via oxidation of the 
corresponding alcohol (1-propanol). 

e. 1-Propanol can be made by treating ethylene oxide 
with methyl magnesium bromide. 


Now let’s draw the forward scheme. Ethylene oxide is 
treated with methyl magnesium bromide, followed by 
water work-up to give 1-propanol. This alcohol is then 
oxidized to an aldehyde with PCC (or DMP or Swern), 
and the resulting aldehyde is then treated with ethyl 
magnesium bromide, followed by water work-up, to give 
3-pentanol. Oxidation with chromic acid gives 3- 
pentanone, which is then converted to the product upon 
treatment with the appropriate Wittig reagent, thereby 
installing two carbon atoms and a double bond in the 


correct location: 


Ph3P=CHCH3 


1) MeMgBr 
A 2) H2O 
3) PCC, CH2Cl> 
4) EtMgBr 
5) H2O 
6) NagCr207 fe) 


OH H2504 , H2O tuk 


7) Ph3P=CHCH3 


1) MeMgBr 
2) H2O 


PCC Na2Cr207 
CH;Ch H2SO0; , H2O 
Oo OH 
~ —_— ee 
H 2) H2O 


(g) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 


steps (a-d) follows. 
b 
sare 


OH n OH 
Ho X = a 
NC 
O 


6) on U 
Pe 


A + BrMg. | 
H 


a. The product can be made from a cyanohydrin, via 
hydrolysis of the cyano group. 
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b. The cyanohydrin can be made from the 
corresponding ketone (2-butanone). 

c. 2-Butanone can be made via oxidation of the 
corresponding secondary alcohol (2-butanol). 

d. 2-Butanol can be made via a Grignard reaction 
between acetaldehyde and ethyl magnesium 
bromide. 


Now let’s draw the forward scheme. Ethyl bromide is 
converted into ethyl magnesium bromide, which is then 
treated with acetaldehyde (to give a Grignard reaction), 
followed by water work-up, to give 2-butanol. Oxidation 
of 2-butanol with chromic acid gives 2-butanone, which 
can then be converted into a cyanohydrin upon treatment 
with KCN and HCI. And finally, hydrolysis of the cyano 
group gives the desired product: 


1) Mg 
2) 9 


Ai 


3) H2O 
4) Na2Cr207 e) 
H2SO4 , H2O | 


BA 7 


Mg 5) KCN, HCI 
6) H30*, heat 


OH NasCr207 
— r 


H2SO3 , H2O 


Aar 


(h) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 
steps (a-d) follows. 


X o 
BL 
o OH J: 
A 


I + Brg. ae 
H 


a. The product can be made from a cyanohydrin, via 
reduction of the cyano group. 

b. The cyanohydrin can be made from the 
corresponding ketone (2-butanone). 
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c. 2-Butanone can be made via oxidation of the 
corresponding secondary alcohol (2-butanol). 

d. 2-Butanol can be made via a Grignard reaction 
between acetaldehyde and ethyl magnesium 
bromide. 


Now let’s draw the forward scheme. Ethyl bromide is 
converted into ethyl magnesium bromide, which is then 
treated with acetaldehyde (to give a Grignard reaction), 
followed by water work-up, to give 2-butanol. Oxidation 
of 2-butanol with chromic acid gives 2-butanone, which 
can then be converted into a cyanohydrin upon treatment 
with KCN and HCl. And finally, reduction of the cyano 
group gives the desired product: 


19.83. 


3) HzO 
4) NazCr207 
H2SO4 , H2O 


5) KCN, HCI 


oa OH 
HN 


— 


1) LiAIH, 
2) H2O 


6) LiAIH, ae 
7) H20 NC 


(a) In acid-catalyzed conditions, the starting material is protonated. There are two locations where protonation can 
occur (the lone pair of the nitrogen atom, or a lone pair of the oxygen atom). The nitrogen atom is more likely 
protonated first, because it is a stronger base (a protonated amine, called an ammonium ion, is a much weaker acid than 
a protonated ether, called an oxonium ion, as seen in the pKa table on the inside cover of the textbook). Loss of a 
leaving group (dimethyl amine) gives a resonance-stabilized cation, which is then attacked by water. The resulting 
oxonium ion is then deprotonated to give a cyclic hemiacetal. Protonation, followed by loss of a leaving group gives a 
protonated carbonyl group, which then loses a proton to give the product. Notice that water functions as the base in 


each deprotonation step. 
|_~ ee | 
: © pa H 
o NN SO, OZAN 


oar 


O 
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(b) The starting material is a vinyl ether, and it is being subjected to aqueous acidic conditions. This indicates that 
protonation is likely the first step of the mechanism. There are two locations to consider for protonation: the oxygen 
atom or the a bond. Protonation of the oxygen atom does not result in a resonance-stabilized cation, while 
protonation of the mz bond does indeed result in a resonance-stabilized cation. As such, the first step is protonation of 
the x bond. The resulting intermediate is then attacked by water to give an oxonium ion, which is then deprotonated to 
give a hemiacetal. Protonation, followed by loss of a leaving group gives a protonated carbonyl group, which then 
loses a proton to give the product. Notice that water functions as the base in each deprotonation step. 


ie . HODHI No OH 
i 
ee a iow `H = HH 
ae 0 oO = = er 
®© N 
Y 
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(c) Hydrazine is sufficiently nucleophilic to attack a carbonyl group directly (without prior activation of the carbonyl 
group via protonation). The resulting intermediate undergoes two successive proton transfer steps, giving an 
intermediate that is free of formal charges. Protonation of the OH group converts a bad leaving group into a good one 
(water). Loss of the leaving group gives a resonance-stabilized cation, which then loses a proton to give a hydrazone. 
An intramolecular nucleophilic attack gives an intermediate that undergoes two proton transfer steps to give an 
intermediate free of formal charges. Protonation of the OH group converts a bad leaving group into a good one (water). 
Loss of the leaving group gives a resonance-stabilized cation, which then loses a proton to give the product, which is 
aromatic. 


(d) The starting material exhibits a carbon atom that is connected to two oxygen atoms, so this compound is an acetal: 


oe 


O 
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Protonation of the acetal (specifically at the oxygen atom in the bottom right corner of the structure) results in an 
oxonium ion that can lose a leaving group to give a resonance-stabilized cation. This intermediate has two OH groups. 
If the more distant OH group attacks the C=O bond, the resulting oxonium ion can lose a proton to give the product. 
Notice that the base for the deprotonation step is water. 


© ven 
hy a Shy =e ALT 
H 


(e) The starting material exhibits a carbon atom that is connected to two oxygen atoms, so this compound is an acetal. 
Protonation of the acetal (specifically at the oxygen atom on the left) results in an oxonium ion that can lose a leaving 
group to give a resonance-stabilized cation. This intermediate has two OH groups. If the one on the right side attacks 
the C=O bond, the resulting oxonium ion can lose a proton to give the product. Notice that the base for the 
deprotonation step is water. 


H 
Pa 
Oo | 
SoS, 


5^ a9 
C Z| 
F H HA 
O: @? M So 
OH OH HO OH 
er o^ - 

‘of A 
a H 

(0) = (0) ay 05 

OH HO HO 


(f) The starting material is a vinyl ether, and it is being subjected to acidic conditions. This indicates that protonation is 
likely the first step of the mechanism. There are two locations to consider for protonation: the oxygen atom or the n 
bond. Protonation of the oxygen atom does not result in a resonance-stabilized cation, while protonation of the m 
bond does indeed result in a resonance-stabilized cation. As such, the first step is protonation of the m bond. The likely 
proton source is the conjugate acid of ethylene glycol, which received its proton from the acid (TsOH). Protonation 
results in a resonance-stabilized cation, which can then attacked by ethylene glycol to give an oxonium ion, followed 
by deprotonation to give a hemiacetal. Protonation of the methoxy group, followed by loss of a leaving group 
(methanol) gives a protonated carbonyl group, which then functions as an electrophile in an intramolecular nucleophilic 
attack. Deprotonation then gives the product. 
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Notice that ethylene glycol functions as the base in each deprotonation step. 


a ao 
.. CH SN CH 
wae nls. N o >. ie ) 
9 Dii OH pan HO: OH H;c—o, S0® 
) O 
HO: OH 


- CHOH 


19.84. In aqueous acidic conditions, the carbonyl group of formaldehyde is protonated, thereby rendering it more 
electrophilic. Another molecule of formaldehyde (that has not been protonated) can function as a nucleophile and 
attack the protonated carbonyl group. The resulting resonance-stabilized cation functions as an electrophile and is 
attacked by another molecule of formaldehyde, giving yet another resonance-stabilized cation. An intramolecular 
attack gives an oxonium ion, which is then deprotonated to give the product. 
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metaformaldehyde 
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19.85. The ketone group (the more reactive carbonyl) must first be protected by converting it into an acetal. Then, the 
ester can be reduced with xs LiAlH4 to give an alcohol (if the ketone had not been protected, it would have also been 
reduced by LiAIHs). Mild oxidation of the alcohol with PCC (or DMP or Swern) gives an aldehyde, which is then 
converted to the corresponding thioacetal. 


Oo Oo HoT OF O o o 
OR AK Aaaa R 
ae PRIA [H*] Eto 
(-H20) 
1) xs LiAIH, 
2) H20 


19.86. 

(a) Compound 1 is a ketone, while compound 2 is an ester. This transformation from 1 to 2 can be achieved with a 
peroxy acid (RCO3H). Then, compound 2 can be converted into diol 3 upon treatment with excess lithium aluminum 
hydride. Finally, compound 5 can be obtained if compound 4 is treated with a strong base, such as NaH. Under these 
conditions, the hydroxyl group is deprotonated to give an alkoxide ion, which functions as a nucleophilic center in an 
intramolecular Sn2-type process, giving an ether (compound 5): 


o 
oa Ho, OF Tso, OH 9 
RCO3H 1) xs LiAIH, TsCl NaH 
en ee = — e 
2) H20 py 


1 2 3 4 5 


(b) Compound 1 has rotational symmetry, which compound 5 lacks. Therefore, compound 1 has fewer signals in its 
NMR spectrum. 


Rotational symmetry No rotational symmetry 


Q x 
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& &y 
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19.87. First, two curved arrows are used to show delivery of hydride to the ester. In the next step, two curved arrows 
show collapse of the charged tetrahedral intermediate and ejection of the leaving group, which in this case is ethoxide. 
The resulting aldehyde is then further reduced by another equivalent of hydride from LAH. Once again, two curved 
arrows are used to show hydride delivery. Finally, the resulting alkoxide ion is protonated upon treatment with water, 
and two curved arrows are needed to show this proton transfer step. Therefore, the net reaction is the reduction of the 
ester functional group to generate an alcohol. 


i 


OEt 1) Excess LAH 


dl 
Cc 2) H2O ( 
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19.88. The carbon chain must be extended by adding a single additional carbon atom, and we are given a clue that a 
Wittig reaction is involved, so we know there is an alkene intermediate at some point. Using a retrosynthetic analysis, 
the target molecule (compound 2) can be made from an alkene, via an anti-Markovnikov addition of H and OH: 


RO OH RO 
S 
wa = ar 
OR OR 


This alkene can be made from an aldehyde via a Wittig reaction: 


This carbon 
was the Electrophile 


P (C=0) 


RO RO 
SS — ço H é Fh 
\ + aN pe 
® Ph 
This carbon was Ph 
OR the Nucleophile OR a Wittig reagent 


(Wittig) 


And the aldehyde can be made from the corresponding alcohol (compound 1) via oxidation: 


RO RO 
So OH 
— 
OR OR 
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Now that we have completed the retrosynthetic planning, we can draw the forward process, as shown below. PCC 
oxidation of the primary alcohol gives an aldehyde, and reaction with a Wittig reagent affords the alkene. 
Hydroboration-oxidation adds H and OH in an anti-Markovnikov fashion, giving the desired alcohol. 


RO 1) PCC, RO OH 
OH  CH;Ch 
a 
2) PhsP=CH> 
3) BH3: THF 
OR 4) H202, NaOH OR 
PCC 1) BH3: THF 
CH2Ch 2) H202, NaOH 


RO RO 
— 
OR OR 


19.89. As with all synthesis problems, we must determine 1) if there is a change in the carbon skeleton, and 2) if there 
is a change in identity or location of the functional group(s). Numbering the carbon atoms from left to right, we see 
that two carbon atoms are being introduced during this transformation. We also see that the alcohol functional group 
(OH) is in the same location in both the starting material and the product. 


OPMB OPMB OH 
eee 
ee OH 1 3 5 7 
2 4 2 4 6 


Importantly, a new C-C bond must be formed at the same location as the OH group (carbon 5 in our labeling scheme 
above, also the highlighted carbon below). This suggests a synthetic route involving a Grignard reagent attacking a 
C=O bond. That is, the product can be made from the following aldehyde, as shown in the following retrosynthetic 


scheme: 
OPMB OH OPMB O 


LAB LAA H + BrMg s7 


The starting material does not have the aldehyde group needed to react with a Grignard reagent. However, the required 
aldehyde can be made via oxidation of the primary alcohol, as shown in the following retrosynthetic scheme: 


OPMB (0) OPMB 


LA, => AB 


Now let’s draw the forward process. There are many reagents that can be used to convert a primary alcohol into an 
aldehyde; one such reagent is PCC. The resulting aldehyde can then be treated with vinyl magnesium bromide 
(CH2=CHMgBr), followed by protonation with water, to produce the desired product: 


OPMB OPMB OH 
1) PCC 
a a a A 
A MgBr 
3) HO 
PCC r 1) Z~MgBr 
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19.90. In all three reaction sequences, the first two steps involve the addition of a Grignard reagent to the ketone, 
followed by alcohol dehydration using concentrated sulfuric acid and heat. The products of each of these operations are 
shown below: 


Sequence A Sequence B Sequence C 


O pa NS 
ie, 


In sequence A, the final step is acetal deprotection using acetic acid and water, which will produce the desired product, 
aldehyde 2. Under these conditions no undesired side reactions are expected to occur. In sequence B, ozonolysis of the 
terminal alkene will certainly produce an aldehyde, however the molecule also contains two additional alkenes within 
the 8-membered ring. Since ozone is a non-selective oxidant, if this compound were subjected to O3/DMS, all three 
alkene groups would react! Therefore, the major product of the reaction will not be aldehyde 2, but a compound with 
three different carbonyl groups (as well as two other fragments). In sequence C, hydroboration/oxidation will convert 
the terminal alkene to a primary alcohol, which will then be transformed into the desired product via oxidation with 
PCC. However, just like we saw in sequence B, the two other m bonds will react under the hydroboration/oxidation 
conditions; the product isolated will not be aldehyde 2. In conclusion, after a thorough analysis, only sequence A will 
lead to the desired product. 


19.91. A ketone will react with a secondary amine (in the presence of an acid catalyst) to give an enamine. The 
answer is (a). 


19.92. This process occurs under acid-catalyzed conditions. Under these conditions, option (d) is unlikely to form, 
because it has a negative charge on an oxygen atom, which is a strong base. Strong bases are unlikely to form in acidic 
conditions, so the answer is (d). 


19.93. The desired compound is an acetal, because the highlighted carbon atom is connected to two OR groups: 


(0) 


Acetal formation involves formation of the following bonds: 


O 
This acetal can be formed from the following reactants: 
Paes ; 4 E 3 2 1 
ie an =>> Cy + HOCH3 


These reactants correspond with option (b). 
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19.94. The product of the Wittig reaction is alkene 2. The mechanism for acid-catalyzed hydration of this alkene 
begins with protonation of the 2 bond to generate 3, a resonance-stabilized intermediate. Note that this intermediate is 
similar to the type of intermediate that we encountered during acetal formation/cleavage. Water then attacks to generate 
a tetrahedral intermediate (4) which can be deprotonated to form hemiacetal 5. Protonation, followed by regeneration of 
the carbonyl group via loss of methanol, will produce protonated aldehyde 7, which is deprotonated in the final step to 


afford aldehyde 8. 


H Me... Me. ®, 
OM / 6: O° 
— PPh; tty oe 2 Zj 
O MeO 4 H ® 
a ol a el 
2 L 3 3a 4 
Ta 
H H Po QH 
cy odLH OH ia Oe 
@ Me H „Me ery 
GO 0; OMe 
H 
6 5 4 


7 8 


19.95. In the first step, the acid chloride reacts with AlCl; to form a resonance-stabilized acylium ion (4). In the 
absence of an aromatic ring, the C=C a bond will function as a nucleophile and trap the acylium ion to produce a 
carbocation (5). This carbocation is transformed into compound 1 if AlCl, transfers a chloride ion to the carbocation 
(path A). Alternatively, carbocation 5 is transformed into compound 2 via a 1,2-hydride shift to form tertiary 
carbocation 6 (path B), followed by deprotonation. 


A 


© 
Z a> cr 
© 


$ 


S] 
CI—AICla 
— 
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19.96. 
(a) We begin by determining the HDI for compound B, 
as shown here: 
HDI= %(2C +2+N-H-X) 
=, (28 +2+0-14-0) 
=% (4) 
=2 


Therefore, compound B has two degrees of unsaturation. 
Now let’s consider the IR data. Only two peaks are 
given, but they are important bands: a broad band around 
3300 cm”! is typical for an alcohol group, and 2117 cm"! 
is diagnostic for a triple bond — either an alkyne (C=C) 


We’ ve already assigned the 1.49 ppm broad singlet as an 
OH proton, so we can cross it off. We can also make the 
assumption that the 0.89 ppm singlet that integrates for 6 
protons must be the gem-dimethyl group, and the two 
triplets at 1.56 ppm and 2.19 ppm are the two methylene 
groups from the starting material. Let’s cross them out as 
well. 


1566-2H-triplet} 
1.95 6 (1H, singlet) 
219-6QH-trplet 


or a nitrile (C=N). Since nitrogen is absent from the 
molecular formula, the band at 2117 cm! must 
correspond with a C=C triple bond. This accounts for 
both degrees of unsaturation. 

At this stage consider the 'H NMR data. Also, take into 
consideration the structure of the starting material; we 
know that the product should have at least some degree 
of similarity. The 'H NMR data shows six types of 
protons; the easiest to assign is the broad singlet at 1.56 
6 which is likely a proton of an alcohol; this is further 
confirmed by the IR band at 3305 cm". 

To assign the remaining signals, let’s look at the starting 
material and consider what its 'H NMR must look like. 


singlet, ~ 0.9 ppm singlet, ~ 4.5-6.5 ppm 


triplet, ~ 1.2 ppm | 
triplet, ~ 2.0 ppm 


The starting material has no chiral centers, and only 4 
unique protons. The two methyl groups will appear as a 
singlet near 0.9 ppm, the allylic methylene group is 
expected to appear as a triplet near 2.0 ppm, the 
methylene next to the gem-dimethyl group is expected to 
be a triplet near 1.2 ppm, and finally, the vinyl proton 
should be a singlet in the range 4.5-6.5 ppm. 


Now let’s take another look at the 'H NMR data for 
compound B. 


0.89 6 (6H, singlet) 


1.56 6 (2H, triplet) 
1.95 6 (1H, singlet) 
2.19 6 (2H, triplet) 
3.35 6 (2H, singlet) 


3.35 6 (2H, singlet) 


The vinyl proton of the starting material (4.5 — 6.5 ppm) 
is absent in Compound B. In its place, there are two 


signals: a singlet at 3.35 ppm, which (because of 
chemical shift and integration) is likely a methylene 
group alpha to an OH group, and the singlet at 1.95 
which integrates to 1 proton. 


It seems that the left half is represented in compound B, 
however the right half has changed dramatically. From 
the molecular formula we know that there is no longer 
any sulfur in the molecule, so the triflate group must be 
gone. We also know that Compound B must exhibit an 
OH group and a C=C triple bond (from the IR spectral 
data). If we were to take an eraser and eliminate the 
triflate, form an alkyne where the alkene once was, and 
reduce the ketone to an alcohol we would arrive at this 
structure: 


singlet, 1.49 ppm 
D r singlet, 3.35 ppm 


——+| singlet, 1.95 ppm 
LE 


Does this structure fit the data left over for compound B? 
The methylene group alpha to the OH group should be a 
singlet with an integration of 2. The chemical shift of 
3.35 ppm is also in the acceptable range for a proton next 
to oxygen. And the proton of the alkyne should also be a 
singlet, with an integration of 1. The chemical shift is 
slightly less than what the table in chapter 16 shows 
(~2.5 ppm), but it is certainly within a margin of error. 
The molecular formula also matches. 
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(b) In the first step, LiAIH4 delivers hydride to the carbonyl group to form tetrahedral intermediate 2. Next, the 
carbonyl group is regenerated which induces carbon-carbon bond cleavage to simultaneously generate the alkyne via 
the expulsion of the triflate leaving group, producing aldehyde 3. The anti orientation of the electrons in the carbon- 
carbon single bond and the triflate leaving group facilitated this E2-like process. In the presence of LiAlH4, another 
hydride ion can be delivered once more, to attack the aldehyde. This forms tetrahedral intermediate 4, which is 
protonated upon workup to form compound B. 


iS) Oe iS) 
O H—AI—H un. o H+AIŽH 
4 a, i O: H w hae we 
H H 
—__> —_> H — 
A d 
OTf OTf 
1 2 3 
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Chapter 20 
Carboxylic Acids and Their Derivatives 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of Chapter 20. Each 
of the sentences below appears verbatim in the section entitled Review of Concepts and Vocabulary. 


e Treatment of a carboxylic acid with a strong base yields a salt. 

e The pKa of most carboxylic acids is between ____ and 

e Using the Henderson-Hasselbalch equation, it can be show that carboxylic acids exist primarily as 

at physiological pH. 

e Electron- substituents can increase the acidity of a carboxylic acid. 

e When treated with aqueous acid, a nitrile will undergo , yielding a carboxylic acid. 

e Carboxylic acids are reduced to upon treatment with lithium aluminum hydride or borane. 

e Carboxylic acid derivatives exhibit the same state as carboxylic acids. 

e Carboxylic acid derivatives differ in reactivity, with being the most reactive and 

the least reactive. 

e When drawing a mechanism, avoid formation of a strong in acidic conditions, and avoid 
formation of a strong in basic conditions. 

e When a nucleophile attacks a carbonyl group to form a tetrahedral intermediate, always reform the carbonyl 
group if possible, but avoid expelling _____ or 


e When treated with an alcohol, acid chlorides are Converted into 
e When treated with ammonia, acid chlorides are converted into 


e When treated with a reagent, acid chlorides are converted into ‘alcohols with the introduction 
of two alkyl groups. 
e The reactions of anhydrides are the same as the reactions of except for the identity of the 


leaving group. 
e When treated with a strong base followed by an alkyl halide, carboxylic acids are converted into 


e Ina process called the Fischer esterification, sis acids are converted into esters when treated with an 
in the presence of 

e Esters can be hydrolyzed to yield carboxylic acids upon treatment with either aqueous base or aqueous 
. Hydrolysis under basic conditions is also called . 

e When treated with lithium aluminum hydride, esters are reduced to yield . If the desired 


product is an aldehyde, then is used as a reducing agent instead of LiAlHa. 
e When treated with a reagent, esters are reduced to yield alcohols, with the introduction of two 
alkyl groups. 


e When treated with excess LiAlHa, amides are converted into 
e => Nitriles are converted to amines when treated with 


Review of Skills 


Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 20. The answers appear in the section entitled Skil/Builder Review. 


20.1 Drawing the Mechanism of a Nucleophilic Acyl Substitution Reaction 


IDENTIFY THE TWO CORE STEPS OF ANY NUCLEOPHILIC ACYL SUBSTITUTION REACTION 


M \ 


PROTON PROTON PROTON 
TRANSFER TRANSFER TRANSFER 
IN ACIDIC CONDITIONS, IN ACIDIC CONDITIONS, REQUIRED IN ORDER 
THE GROUP THE TO OBTAIN A 
IS FIRST PROTONATED IS PROTONATED 
BEFORE IT PRODUCT 
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20.2 Interconverting Functional Groups 


CHAPTER 20 


IDENTIFY THE REAGENTS NECESSARY TO ACHIEVE EACH OF THE FOLLOWING TRANSFORMATIONS 


20.3 Choosing the Most Efficient C-C Bond-Forming Reaction 


C-C Bond Forming Reactions 
for which the Functional Group 
Remains in the Same Location 


Q 1) xs RMgBr 
—H 
Z 2) H2O 
(0) 


A R2Cu Li 
— 
Cl 


1) RMgBr 


— > 
2) H30* 


C-C Bond Forming Reactions 
Involving a Change in the 
Location of the Functional Group 


NaCN 
gets B H30* 
r 
heat 
bS 1)Mg 
2) CO, 
3) H30* 
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Review of Reactions 


Identify the reagents necessary to achieve each of the following transformations. To verify that your 
answers are correct, look in your textbook at the end of Chapter 20. The answers appear in the section 


entitled Review of Reactions. 


Preparation of Carboxylic acids 


Reactions of Carboxylic Acids 
H H 
— 
X 


hO i 


OH 


Preparation and Reactions 
of Acid Chlorides 


Preparation and Reactions 
of Acid Anhydrides 


O fe) O 
J A I a R 
OR NH, N 
| 


OH a ae AL Pog — 236 eee Be ? 
/ | j ee a J | ? 
JL OH z A pa o 
R 
~ R ps ? R R E a 
Preparation of Esters Reactions of Esters 
JL rs J id Q O 4 ROH 
R~ ~OH Ra” “or —-_ ae T 
O O 
R Aai R oe = mee y 
o oO o OH o Omi 
a 
ae oa NH2 R S RAR 
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Preparation of Amides Reactions of Amides 


o o 
oe — os Une a. 


Woo 4 


Preparation of Nitriles Reactions of Nitriles 


SN R-C=N A 


R NH2 O 
H H 
R-C=N ae 


Common Mistake to Avoid 


This chapter covers many reactions. One of these reactions is between an acid chloride and a lithium 
dialkyl cuprate, giving a ketone as the product: 


O 


o 
RCuLi 
scl J, 


The resulting ketone is not further attacked by the lithium dialkyl cuprate (unlike a Grignard reagent, which 
would attack the ketone). For some reason, students commonly propose a similar reaction between an ester 
and a lithium dialkyl cuprate: 

RCuLi 


Aa >L] A, 


This reaction will not work. Ifa lithium dialkyl cuprate will not attack a ketone, then it certainly won’t 
attack an ester (which is less electrophilic than a ketone). Students often make this type of mistake, by 
applying a reaction outside of the scope in which it was discussed. Try to avoid doing this. Whenever we 
cover a reaction that applies to a particular functional group, you cannot assume that it will apply to other, 
less reactive, functional groups as well. 
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Useful reagents 


The following is a list of reagents encountered in this chapter: 


Reagents Description 
This reagent will react with an alkyl halide to give a nitrile. Subsequent hydrolysis 
NaCN of the nitrile gives a carboxylic acid, with one more carbon atom than the starting 
alkyl halide. 
1) Mg These reagents can be used to convert an alkyl halide into a carboxylic acid, with the 
2) CO introduction of one carbon atom. Insertion of magnesium gives a Grignard reagent, 
7 which then attacks carbon dioxide to give a carboxylate ion, which is the protonated 
3) H30 upon acid work-up. 
Lithium aluminum hydride is a powerful hydride reducing agent. It will reduce 
1) LiAIH4 ketone, aldehydes, esters and carboxylic acids to give alcohols. Reduction of esters 
2) H20 and carboxylic acids requires the use of excess LiAIH4. Reduction of an amide (with 
LiAlHs) gives an amine. 
SN E Pyridine is a weak base that is often used as an “acid sponge,” for reactions that 
= produce a strong acid as a by-product. 
soc! Thionyl chloride can be used to convert a carboxylic acid into an acid halide. This 
2 reagent can also be used to dehydrate an amide to give a nitrile. 
ROH Alcohols are weak nucleophiles and weak bases. An alcohol can be used to convert 
an acid chloride or an acid anhydride into an ester. 
NH Ammonia is both a base and a nucleophile. Excess ammonia can be used to convert 
i an acid chloride or an acid anhydride into an amide. 
RNH Primary amines are bases and nucleophiles. Excess amine can be used to convert an 
f acid chloride or an acid anhydride into an amide. 
R-NH Secondary amines are bases and nucleophiles. Excess amine can be used to convert 
. an acid chloride or an acid anhydride into an amide. 
A Grignard reagent is a strong nucleophile. Two equivalents of a Grignard reagent 
1) xs RMgBr will react with an acid chloride, with an anhydride, or with an ester, followed by 
water work-up, to give an alcohol (with the introduction of two R groups). A 
2) H:O Grignard reagent will also react with a nitrile, followed by water work-up, to give a 
ketone. 
R-CuLi A lithium dialkyl cuprate is a weak nucleophile. It will react with an acid chloride to 
didi give a ketone, but it will not react with ketones or esters. 
1) LIAI(OR);H Lithium trialkoxy aluminum hydrides are reducing agents that will convert an acid 
chloride or an acid anhydride into an aldehyde, without subsequent reduction of the 
2) H20 resulting aldehyde. 
1) DIBAH Diisobutyl aluminum hydride is a hydride reducing agent that will convert an ester 
2) H20 into an aldehyde. 
HO* Aqueous acid will cause hydrolysis of an acid chloride, an anhydride, an ester, an 
3 amide, or a nitrile to give a carboxylic acid. 
[H], ROH Under acidic conditions, an alcohol will react with a carboxylic acid via a Fischer 


esterification, giving an ester. 
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Solutions 


20.1. 

(a) In this molecule, the longest chain that contains both 
carboxylic acid groups is comprised of five carbon 
atoms, so the parent name (pentane) is given the suffix 
“—dioic acid”, resulting in the IUPAC name pentanedioic 
acid. The common name is glutaric acid. 


O O 
HO OH 


TUPAC name = pentanedioic acid 
Common name = glutaric acid 


(b) In this molecule, the longest chain that contains the 
carboxylic acid group is comprised of four carbon atoms, 
so the “e” in the parent name (butane) is replaced with 
the suffix “-oic acid”, resulting in the IUPAC name 
butanoic acid. The common name is butyric acid. 


O 


eat 


IUPAC name = butanoic acid 
Common name = butyric acid 


(c) The carboxylic acid group is attached to a ring, so the 
IUPAC name for this compound uses the name of the 
ring followed by the suffix “-carboxylic acid”; thus this 
compound is benzenecarboxylic acid. The common 
name is benzoic acid. 

O 


OH 


IUPAC name = benzenecarboxylic acid 
Common name = benzoic acid 


(d) In this molecule, the longest chain that contains both 
carboxylic acid groups is comprised of four carbon 
atoms, so the parent name (butane) is given the suffix 
“—dioic acid”, resulting in the IUPAC name butanedioic 
acid. The common name is succinic acid. 


(0) 


OH 
HO 


@) 
IUPAC name = butanedioic acid 
Common name = succinic acid 


(e) In this molecule, the parent chain is comprised of two 
carbon atoms, and the “e” in the parent name (ethane) is 
replaced with the suffix “-oic acid”, resulting in the 


CHAPTER 20 TTI 


TUPAC name ethanoic acid. The common name is acetic 
acid. 
(®) 


Aon 


TUPAC name = ethanoic acid 
Common name = acetic acid 


(£) In this molecule, which contains only one carbon 
atom, the “e” in the parent name (methane) is replaced 
with the suffix “-oic acid”, resulting in the IUPAC name 
methanoic acid. The common name is formic acid. 


H OH 


IUPAC name = methanoic acid 
Common name = formic acid 


20.2. 
(a) This molecule has a _ four-membered ring 
(cyclobutane) connected to a carboxylic acid group. 


(0) 


OH 


(b) The parent (butyric acid) has a four-carbon chain 
with a carboxylic acid at one terminus. The name 
indicates that there are two substituents (both chlorine 
atoms) at the C3 position. 


cl cl O 
OH 


(c) The parent (glutaric acid) has a five-carbon chain 
with a carboxylic acid at each terminus. The name 
indicates that there are two substituents (both methyl 
groups) at the C3 position. 


20.3. 


(a) We begin by identifying the parent. The carbon atom 
of the carboxylic acid group must be included in the 
parent. The longest chain that includes this carbon atom 
is six carbon atoms in length, so the parent is hexanoic 
acid. There are four substituents (highlighted), all of 
which are methyl groups. Notice that the parent chain is 
numbered starting from the carbonyl carbon (defined as 
C1). According to this numbering scheme, two methyl 
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H 


groups are at C3, and two are at C4. We use the prefix O, ol 
“tetra” to indicate four methyl groups. Ada 
oO 


2-propylpentanoic acid 
OH 


20.4. The conjugate base of the first compound is not 


3,3,4,4-tetramethylhexanoic acid a 
resonance stabilized. 


(b) We begin by identifying the parent. The carbon atom "| o 

of the carboxylic acid must be included in the parent. A o 

The longest chain that includes this carbon atom is five 

carbon atoms in length, so the parent is pentanoic acid. 

There is one substituent: a propyl group (highlighted). The second compound is more acidic because its 
Notice that the parent chain is numbered starting from conjugate base is resonance-stabilized: 


the carbonyl carbon (defined as C1). According to this 


numbering scheme, the propyl group is at C2. o9 


O 
wes = 


Oo He Xo 


20.5. The conjugate base is resonance stabilized, with the negative charge spread over two oxygen atoms (much like 
the conjugate base of a carboxylic acid), as shown below. Note: there are three additional resonance structures that have 
not been drawn (each of which exhibits the negative charge on a carbon atom). 


oft gs _. 6 E T 


20.6. The first step is to draw the conjugate base of each molecule, including all relevant resonance structures. meta- 
Hydroxyacetophenone is expected to be less acidic than para-hydroxyacetophenone, because in the conjugate base of 
the former, the negative charge is spread over only one oxygen atom (and three carbon atoms). In contrast, the 
conjugate base of para-hydroxyacetophenone has the negative charge spread over two oxygen atoms (and three carbon 
atoms). The additional resonance structure of the latter conjugate base renders it more stable. 


20.7. The first step is to identify the acid (formic acid) and base (hydroxide). When drawing a mechanism for an acid- 
base reaction, two curved arrows are required, as shown below. The tail of the first arrow is placed on a lone pair of the 
hydroxide oxygen atom, and the head is placed on the acidic hydrogen atom of formic acid. The tail of the second 
arrow is placed on the O-H bond, and the head is placed on the oxygen atom. The resulting carboxylate salt is named 
starting with the inorganic cation (potassium) followed by replacing the “-ic acid” suffix from formic acid to “-ate” 
giving the name potassium formate. 


XC) 
H Or K + H20 


formic acid potassium formate 


20.8. To determine the relative amounts of acetic acid and its conjugate base (acetate), we plug the pKa of acetic acid 
(4.76) and the pH (5.76) into the rearranged Henderson-Hasselbach equation as shown below: 
[conjugate base] _ (pH - pKa) _ (5.76 - 4.76) 
= 10 = 10 
[acid] 


The result shows that the conjugate base predominates under these conditions (at a ratio of 10:1). 
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20.9. For each set of acids, we need to assess the relative 
stability of each of the conjugate bases. A more stable 
conjugate base means that the corresponding acid is 
more acidic. When comparing the structures, we need to 
consider the nature of the substituents and their position 
relative to the carboxylic acid functional group. 
Electron-withdrawing groups stabilize the conjugate base 
while electron-donating groups destabilize the conjugate 
base. Substituents that are closer to the carboxylic acid 
have a greater effect on acidity. 


(a) Each of the three acids has the same four-carbon 
parent: butyric acid. The first two molecules have two 
electron-withdrawing chlorine substituents each, 
rendering them more acidic than the third molecule, 
which has two electron-donating methyl groups. The 
difference between the first two molecules is in the 
relative positions of the two chlorine atoms. The 
compound with the two chlorine atoms on positions C2 
and C3 is more acidic than the compound with the 
chlorine atoms on positions C2 and C4. The chlorine 
atom on C3 has a greater effect than the chlorine atom on 
C4. The correct order, in increasing acidity, is thus: 3,4- 
dimethylbutyric acid < 2,4-dichlorobutyric acid < 2,3- 
dichlorobutyric acid. 


(b) Each of the three acids has the same three-carbon 
parent: propionic acid. The first molecule has an 
electron-withdrawing bromine substituent on C3 and the 
other two molecules have two bromine substituents each. 
The compound with two bromine atoms on C2 is the 
most acidic because the two bromine atoms are closest to 
the carboxylic acid group. The compound with two 
bromine atoms on C3 is more acidic than the compound 
with one carbon atom on C3 due to the additive effect of 
the two bromine atoms. The correct order, in increasing 
acidity, is thus: 3-bromopropionic acid < 3,3- 
dibromopropionic acid < 2,2-dibromo-propionic acid. 


20.10. 

(a) The starting material is an alcohol (ethanol) and the 
product is the corresponding carboxylic acid with two 
carbon atoms (acetic acid). Reagents that accomplish this 
oxidation reaction are: Na2Cr207, H2SO4, H20. 


(b) The conversion of toluene to benzoic acid requires 
oxidation of the methyl group to give a carboxylic acid 
group. Recall that an alkyl group attached to an aromatic 
ring is oxidized to a carboxylic acid by a strong 
oxidizing agent, as long as the alkyl group has at least 
one benzylic hydrogen atom. This conversion can thus 
be accomplished using: NazCr2O7, H2SO4, H20. 


(c) The conversion of benzene to benzoic acid requires 
the installation of a carbon atom on the carbon skeleton 
of the starting material. One approach to accomplish this 
transformation is to install a methyl group using a 
Friedel-Crafts alkylation (CH3Cl, AlCl;) followed by an 
oxidation of the methyl group using strongly oxidizing 
conditions, as shown. 


CHAPTER 20 779 
o 
© 1) CH3Cl, AICI, OH 
— 
2) Na2Cr207 
H2504 
CHCI H20 


AlCl 


There are certainly other acceptable solutions. For 
example, bromination of benzene, followed by treatment 
of the resulting bromobenzene with magnesium, gives 
phenyl magnesium bromide. This Grignard reagent can 
then be treated with CO2, followed by acid work-up, to 
give benzoic acid. This alternate solution illustrates an 
important point. For most of the synthesis problems that 
you will encounter, there is rarely only one correct 
approach. Most often, there are multiple correct ways to 
approach the problem. 


(d) The starting material (1-bromobutane) has four 
carbon atoms, and the product (pentanoic acid) has five 
carbon atoms, so we need to propose a synthesis that 
involves installation of the fifth carbon atom. We can use 
NaCN to convert the four-carbon starting material to a 
five-carbon synthetic intermediate (a nitrile) via an Sn2 
process. Hydrolysis of this intermediate (H30*, heat) 
converts the nitrile to a carboxylic acid, giving the 
desired product. An alternate approach is to convert the 
starting alkyl halide to the corresponding Grignard 
reagent using Mg, followed by reaction with CO2 to 
produce a carboxylate. Protonation with aqueous acid 
gives the desired carboxylic acid. 


1) NaCN 


/ 2)H30*, heat N 
O 
Br ee 


1) Mg 
\. 2) CO> Z 
3) H30* 


(e) The conversion of ethylbenzene to benzoic acid 
requires an oxidation of the benzylic carbon atom of the 
starting material to form a carboxylic acid group. Recall 
that an alkyl group attached to an aromatic ring is 
oxidized to a carboxylic acid by a strong oxidizing agent, 
as long as the alkyl group has at least one benzylic 
hydrogen atom. This conversion can thus be 
accomplished using: Na2Cr207, H2SO4, H20. 


(f) The starting material (bromocyclohexane) has six 
carbon atoms, and the product (cyclohexanecarboxylic 
acid) has seven carbon atoms, so we need to propose a 
synthesis that includes the installation of the seventh 
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carbon atom. We can use NaCN to convert the six- 
carbon starting material to a seven-carbon synthetic 
intermediate via an Sn2 process. Hydrolysis of this 
intermediate (H30*, heat) converts the nitrile to a 
carboxylic acid, giving the desired product. An alternate 
approach is to convert the starting alkyl halide to the 
corresponding Grignard reagent using Mg, followed by 
reaction with CO2 to produce a carboxylate. Protonation 
with aqueous acid gives the desired carboxylic acid. 


1) NaCN 


/ 2)H30*, heat N oO 
Br 
Cy 1) Mg 
N 2) CO Z 


3) H30* 


OH 


20.11. 

(a) This synthesis requires the conversion of a six-carbon 
starting material (bromobenzene) to a seven-carbon 
product (benzyl alcohol), so we must include a reaction 
to form a new C-C bond. There are certainly multiple 
solutions to this problem. One such solution involves 
conversion of the starting material into a Grignard 
reagent, which can then be treated with CO2 followed by 
acidic workup (H30°) to produce benzoic acid. 
Reduction of the carboxylic acid using lithium aluminum 
hydride, followed by protonation with water, produces 
the desired product (benzyl alcohol) as shown. 

3) H30* 


Br 
Di om 
4) LiAIH, 


Mg eee 1) LiAIH, 
2) H2O 
fe) 


1) Mg 
2) CO2 


1) COs OH 


(b) The starting material (toluene) and product (benzyl 
alcohol) have seven carbon atoms each. Oxidation of the 
starting material to benzoic acid can be accomplished 
with a suitable oxidizing agent to give benzoic acid. 
Reduction of the resulting carboxylic acid using lithium 
aluminum hydride followed by protonation with water 
produces the desired product (benzyl alcohol) as shown. 
Alternatively, a bromine atom can be installed in the 
benzylic position using NBS/heat. Subsequent reaction 
with NaOH produces the desired product via an Sn2 
reaction, as shown: 


1 ) Na2Cr207, 
H2SO4, H2O 


/ 2) LiAIH, N 


3) H2O 


N 1) NBS, heat / 


2) NaOH 


O O ™ 


20.12. 

(a) This symmetric anhydride is named by replacing 
“acid” from the corresponding carboxylic acid (propionic 
acid) with the suffix “anhydride”, giving the name 
propionic anhydride. 


Agee 


propionic anhydride 


(b) This amide is named as a derivative of the carboxylic 
acid “propionic acid” by replacing the “-ic acid” suffix 
with “-amide”. The two phenyl groups attached to the 
nitrogen atom are listed as substituents. Their position is 
indicated by the locant “N” thus giving the name N,N- 
diphenylpropionamide. 


aa 
Cr D 
N,N-diphenylpropionamide 


(c) This diester is named as a derivative of the parent 
dicarboxylic acid “succinic acid? by replacing the “-ic 
acid” suffix with “-ate”. The two methyl groups attached 
to the oxygen atoms are indicated at the beginning, thus 
giving the name dimethyl succinate. 


Note 


oO 
dimethyl succinate 


(d) This amide is named as a derivative of 
“cyclobutanecarboxylic acid” by replacing “-carboxylic 
acid” with ‘“-carboxamide”. The two alkyl groups 
attached to the nitrogen atom (ethyl and methyl) are 
listed in alphabetical order as substituents. Their 


www.MyEbookNiche.eCrater.com 


position is indicated with the locant “N” thus giving the 
name N-ethyl-N-methylcyclobutanecarbox-amide. 


oO 


a 


N-ethyl-N-methylcyclobutanecarboxamide 


(e) This nitrile is named as a derivative of the carboxylic 
acid “butyric acid” by replacing the “-ic acid” suffix with 
“-onitrile” giving the name butyronitrile. 


AEN 


butyronitrile 


(£) This ester is named as a derivative of the parent 
carboxylic acid “butyric acid” by replacing the “-ic acid” 
suffix with “-ate”. The propyl group attached to the 
oxygen atom is indicated at the beginning, thus giving 
the name propyl butyrate. 


O 
Papin? 


propyl butyrate 


(g) This cyclic anhydride is named as a derivative of the 
parent dicarboxylic acid “succinic acid” by replacing 
“acid” with “anhydride”, giving the name succinic 
anhydride. 

succinic anhydride 


(h) This ester is named as a derivative of the parent 
carboxylic acid “benzoic acid” by replacing the “-oic 
acid” suffix with “-ate”. The methyl group attached to 
the oxygen atom is indicated at the beginning, thus 
giving the name methyl benzoate. 


é 
o— 
methyl benzoate 
(i) This ester is named as a derivative of the parent 


carboxylic acid “acetic acid” by replacing the “-ic acid” 
suffix with “-ate”. The phenyl group attached to the 


20.14. 
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oxygen atom is indicated at the beginning, thus giving 
the name pheny] acetate. 


Da 
PE 
phenyl acetate 


20.13. 

(a) The parent (oxalic acid) is a dicarboxylic acid with 
two carbon atoms. The suffix “-ic acid” is replaced with 
“-ate”, indicating that this is a diester. The name 
indicates that the two alkyl groups attached to the 
oxygen atoms are methyl groups. 


a 


O 


(b) The parent (cyclopentanecarboxylic acid) is a ring 
with five carbon atoms attached to a carboxylic acid. The 
suffix “-ic acid” is replaced with “-ate”, indicating that 
this is an ester. The name indicates that the group 
attached to the oxygen atom is a phenyl group. 


o~ 
(c) The parent (propionic acid) is a carboxylic acid with 
three carbon atoms. The suffix “-ic acid” is replaced 
with “-amide”, indicating that this compound is an 


amide. The name indicates that there is one methyl 
group attached to the nitrogen atom. 


Ke 


| 
H 


(d) The parent (propionic acid) is a carboxylic acid with 
three carbon atoms. The suffix “-ic acid” is replaced with 
“-yl chloride”, indicating that this compound is an acid 
chloride. 


O 


A, 


(a) This mechanism has two steps: 1) nucleophilic attack, and 2) loss of a leaving group. The first step (nucleophilic 
attack), requires two curved arrows, which show the carboxylate ion functioning as a nucleophile and attacking the 
electrophilic carbonyl group, resulting in a tetrahedral intermediate. In step two (loss of a leaving group), the carbonyl 
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group is reformed and chloride leaves, as shown with two curved arrows, resulting in the formation of an anhydride, as 
shown. 
O 


o BAA On O -oÊ O Oo 
woa n ee = R ay es 


(b) This mechanism has three steps: 1) nucleophilic attack, 2) loss of a leaving group and 3) proton transfer. The first 
step (nucleophilic attack) requires two curved arrows, which show ammonia functioning as a nucleophile and attacking 
the electrophilic carbonyl group, resulting in a tetrahedral intermediate. In step two (loss of a leaving group), the 
carbonyl group is reformed and chloride leaves, as shown with two curved arrows. In the third step (proton transfer), a 
second equivalent of ammonia serves as a base, deprotonating the cationic intermediate, resulting in the formation of an 
amide, as shown. 


0O 
oO . On H (©) n H 
:NH = 
IT 5 2 | F cl a 
Sy @\ a 
I 
H H 
NH3 
o 
NH2 


(c) This reaction occurs under acidic conditions, so we must avoid formation of a strong base. Thus, proton transfers 
are required at multiple stages in the mechanism. The mechanism shown below has six steps: 1) proton transfer, 2) 
nucleophilic attack, 3) proton transfer, 4) proton transfer, 5) loss of a leaving group and 6) proton transfer. The first step 
(proton transfer) requires two curved arrows to show the transfer of a proton from MeOH?2* to the carbonyl group, 
resulting in the formation of an activated electrophile. In step two (nucleophilic attack), methanol serves as a 
nucleophile attacking the protonated carbonyl group, producing a cationic tetrahedral intermediate. We cannot 
immediately expel the OH group at this stage, as this would result in the formation of a strong base (hydroxide). This 
must be avoided in acidic conditions. In step 3 (proton transfer), methanol serves as a base, resulting in a neutral 
intermediate. Subsequently, in step 4 (proton transfer) a proton is transferred from MeOH2* to the uncharged oxygen 
atom, as shown. In step 5 (loss of leaving group), the carbonyl group is reformed and water serves as the leaving 
group. In step 6 (proton transfer), methanol serves as a base which deprotonates the cationic intermediate, resulting in 
formation of the ester. 


H 
S @_H A Or o OH 
Oot ee f/f Fe 
OH OH geod. Me” 
e 
ni 
OAR 
O, 
7 NMe 
: we NH :OH 
oO OL roe H 
JL M/H G -H20 B 
\ 
OMe OMe „O H 
Me 
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20.15. Since the reaction conditions are basic, we begin the mechanism with a deprotonation of the acidic phenol 
proton. The resulting phenolate ion is a good nucleophile that can attack the carbonyl group of the anhydride. Loss of 
the leaving group from the charged tetrahedral intermediate completes the nucleophilic acyl substitution. 


Base at A Proton Nucleophilic ©- 
D fe) transfer attack 
MeO » MeO _ 
H =—— =———— 
MeO 
H 
70 charged tetrahedral 
jhe intermediate 
O: O + 
:0 Loss of a 


leaving group 


MeO 
H + Q» 
‘0 


Note that unlike with an amine nucleophile, it is unacceptable to attack with a neutral alcohol (or phenol) nucleophile 
because that would result in formation of a strong acid (oxygen atom with a localized positive charge) in basic 
conditions. 


0 a 
Nucleophilic a v 
:OH O attack Ao =| 
Oa. 
MeO y Ab. J >< g0: 6 


MeO 


unstable intermediate 
(strong acid in basic conditions) 


Instead, deprotonation of the alcohol occurs first, before nucleophilic attack. 


20.16. 

(a) The reaction of an acid chloride with excess LiAlHa4, 
followed by water work-up, results in the formation of 
the corresponding alcohol shown below. 


(c) The reaction of an acid chloride with the selective 
hydride-reducing agent, LiAl(OR)3H, produces an 
aldehyde. Subsequent reaction with a Grignard reagent, 
followed by water work-up, gives a secondary alcohol. 


; OH o OH 
1) xs LIAIH4 1) LIANOR)sH 
cl 2) H20 cl 
2) EtMgBr 
3) H20 
(b) The reaction of an acid chloride with excess phenyl 
magnesium bromide, followed by water work-up, results O 
in the incorporation of two phenyl groups, giving a LiAKOR)3H 
tertiary alcohol. H 1) EtMgBr 
2) H20 
ee PRMYBr xs PhMgBr on 
Ph (d) The reaction of an acid chloride with a lithium 


aa H2O 


dialkyl cuprate (a selective carbon nucleophile) produces 


www.MyEbookNiche.eCrater.com 


784 CHAPTER 20 


a ketone. Subsequent reaction with LiAlHa, followed by (f) The reaction of an acid chloride with two equivalents 
water work-up, gives a secondary alcohol. of an amine results in the replacement of the chlorine 
atom with the amine nitrogen atom, producing an amide, 
(0) OH as shown. 
1) EtyCuLi 
Cl 


oO O 
2) LiAIH, 4 NH 
“+, 
o (two equivalents) 
Et,CuLi Cr 1) LIAIH4 
2) H20 20.17. The conversion of benzyl alcohol to benzoyl 


chloride requires oxidation of the benzylic carbon atom. 


(e) The reaction of an acid chloride with phenol (in the Subsequent reaction with thionyl chloride results in the 
presence of pyridine) results in the replacement of the conversion of the carboxylic acid to the desired acid 
chlorine atom with the phenol oxygen atom, producing chloride. 


an ester, as shown. 


On 1) Na2Cr207, 9 


7 C \-o H2504, H20 m 
— ~ 
CI 2) SOCI2 
Pyridine 
| O 


Na2Cr207, 


SOCI, 


O QO H2SO4, H20 OH 
on o 


20.18. The reaction between an acid chloride and a Grignard reagent occurs via the following mechanism. In the first 
step (nucleophilic attack), the anionic carbon atom of the Grignard reagent serves as a nucleophile and attacks the 
electrophilic carbonyl group, resulting in a tetrahedral intermediate. In step two (loss of a leaving group), the carbonyl 
group is reformed and chloride leaves, shown with two curved arrows. In step three (nucleophilic attack), a second 
equivalent of the Grignard reagent attacks the carbonyl group of the intermediate ketone, resulting in the formation of 
another tetrahedral intermediate. 


Once this reaction is complete, concentrated acid is added to the reaction flask. H3O* serves as an acid, protonating the 
alkoxide ion and producing an alcohol. Under these strongly acidic conditions, the alcohol is further protonated, giving 
an oxonium ion. Loss of water generates a tertiary carbocation, which can then be deprotonated (an E1 process). Note 
that removal of this proton results in the more substituted alkene (the Zaitsev product). 


af H C m H see H 
:O: H+O OH H7O rll ay 
Si H - H2O ® H^ `H 
—- CO IS 
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20.19. 
(a) The reaction of an acid anhydride with phenol results in replacement of the carboxylate leaving group with the 
phenol oxygen atom. After a proton transfer, the following ester and carboxylic acid are produced. 


(b) The reaction of an acid anhydride with diethylamine results in replacement of the carboxylate leaving group with 
the amine nitrogen atom. After a proton transfer, the following amide and a carboxylate ion are produced. You might 
be wondering why a carboxylate ion is drawn rather than a carboxylic acid. This will be discussed in Chapter 23, but 
here is a preview: In the presence of excess diethylamine, the resulting carboxylic acid is deprotonated to give a 
carboxylate ion (compare the pXa values of an ammonium ion and a carboxylic acid, which can be found in the pKa 
table on the inside cover of the textbook). 
i C 
© 


yrs 


(c) The reaction of a phenol derivative with acetic anhydride results in the replacement of the carboxylate leaving group 
with the phenol oxygen atom. After a proton transfer, the following ester and carboxylic acid are produced. 


TE T 
Ce 2. J 


(d) The reaction of an acid anhydride with a cyclic secondary amine results in the replacement of the carboxylate 
leaving group with the amine nitrogen atom. After a proton transfer, the following amide and carboxylic acid are 
produced. You might be wondering why a carboxylate ion is drawn rather than a carboxylic acid. This will be 
discussed in Chapter 23, but here is a preview: In the presence of excess amine, the resulting carboxylic acid is 
deprotonated to give a carboxylate ion (compare the pKa values of an ammonium ion and a carboxylic acid, which can 
be found in the pKa table on the inside cover of the textbook). 


a ae oe 


haa © As 


20.20. Three methods of converting benzoic acid to ethyl benzoate are shown below. In the first method, benzoic acid 
is deprotonated by NaOH. The intermediate salt (sodium benzoate) serves as a nucleophile in a subsequent Sn2 
reaction with ethyl iodide. The second method is a Fischer esterification process, in which ethanol serves as both the 
solvent and a weak nucleophile. In the third method, benzoic acid is first converted to benzoyl chloride, and 
subsequently treated with ethanol (in the presence of pyridine) to produce the desired ester. 


1) NaOH 
(0) 2) CH3CH21 S (0) 
OH [H*], EtOH, -H20 OEt 
E a 


1) SOCh vA 


2) EtOH, pyridine 
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20.21. 


(a) Oxidation of benzyl alcohol to benzoic acid is accomplished using strongly oxidizing conditions, as shown below. 
Subsequent conversion to the corresponding ethyl ester can be accomplished by any of the three methods shown, as 


described above in the solution to problem 20.20. 


OH O 


OH 


1) NaOH 


4 2) CH3CHal `~ (0) 


[H*], EtOH, -H20 OEt 
= 


J 


1) SOCI 


2) EtOH, pyridine 


(b) Oxidation of styrene to benzoic acid is accomplished using strongly oxidizing conditions, as shown below. 
Subsequent conversion to the corresponding ethyl ester can be accomplished by any of the three methods shown, as 


described above in the solution to problem 20.20. 


Se 


Na2Cr207 OH 
— > 


H2SO4, H20 


20.22. 

(a) The first equivalent of lithium aluminum hydride 
reduces the ester to an aldehyde in two mechanistic steps 
(nucleophilic attack of LiAlH4, then loss of methoxide). 
A second equivalent further reduces the aldehyde to the 
corresponding alkoxide, which is subsequently 
protonated by water. Overall, LiAlH4 supplies two 
equivalents of hydride that are incorporated into the 
product. 


(0) 


a 


(b) The first equivalent of the Grignard reagent attacks 
the carbonyl group, thereby converting the ester into a 
ketone in two mechanistic steps (nucleophilic attack of 
EtMgBr, followed by loss of methoxide). A second 
equivalent of the Grignard reagent then attacks the 
carbonyl group of the ketone intermediate to produce an 
alkoxide ion, which is subsequently protonated by water. 
Overall, two ethyl substituents are incorporated into the 
product. 


1) xs LiAIH, 
i 


MeOH 
2) H2O e9 


OH * 


oO 


1) xs EtMgBr 
Se 
OMe 2) HO OH 


+ MeOH 


1) NaOH 


4 2) CH3CH21 N fe) 


[H*], EtOH, -H20 OEt 
> 


N 1) SOC S 


2) EtOH, pyridine 


(c) The first equivalent of lithium aluminum hydride 
reduces the ester to an aldehyde in two mechanistic steps 
(nucleophilic attack of LiAlH4, followed by loss of a 
leaving group, which remains tethered to the aldehyde 
group via the alkyl chain). A second equivalent of 
lithium aluminum hydride further reduces the aldehyde 
to the corresponding alkoxide. The resulting dianion is 
protonated upon treatment with water. Overall, LiAlH4 
supplies two equivalents of hydride that are incorporated 
into the product. 


O 


(0) 1) xs LIAIH4 


ZAVA TNA N 
2) H2O HO OH 


(d) Upon treatment with aqueous acid, an ethyl ester is 
hydrolyzed to the corresponding carboxylic acid and 
ethanol. The reaction occurs under acid-catalyzed 
conditions, in which an OH group ultimately replaces the 
OEt group of the ester. 


. 
oet sO 


+ EtOH 
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(e) In step 1, benzoic acid is deprotonated by NaOH. 
The intermediate salt (sodium benzoate) serves as a 
nucleophile in a subsequent Sn2 reaction with ethyl 
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into an acyclic ketone in two mechanistic steps 
(nucleophilic attack of EtMgBr, followed by loss of the 
leaving group, which remains tethered to the molecule 
via the alkyl chain attached to the aromatic ring). A 


second equivalent of the Grignard reagent attacks the 
carbonyl group of the ketone intermediate to produce an 
alkoxide ion, which is subsequently protonated by water. 


Oo 
Overall, two ethyl substituents are incorporated into the 
oS product. 
O 


O 1) xs EtMgBr OH 
a el 


2) H2O 


iodide, giving an ester, as shown. 


O 
T 
(f) The first equivalent of the Grignard reagent attacks 
the carbonyl group, thereby converting the cyclic ester 


1) NaOH 
—> 


2) Etl 


OH 


20.23. This reaction occurs under acidic conditions, so we must avoid formation of a strong base. Thus, proton 
transfers are required at multiple stages in the mechanism. The mechanism shown below has six steps: 1) proton 
transfer, 2) nucleophilic attack, 3) proton transfer, 4) proton transfer, 5) loss of a leaving group and 6) proton transfer. 
The first step (proton transfer), requires two curved arrows to show the transfer of a proton from H30* to the carbonyl 
group, resulting in formation of an activated electrophile. In step two (nucleophilic attack), water serves as a 
nucleophile, attacking the protonated carbonyl group, producing a cationic tetrahedral intermediate. We cannot 
immediately expel the alkoxy group at this stage, as this would result in the formation of a strong base (an alkoxide 
ion). This must be avoided in acidic conditions. This oxygen atom must first be protonated. However, protonation at 
this stage would result in an intermediate with two positive charges, which should be avoided, if possible. Therefore, 
in the next step (step 3), water serves as a base, resulting in a neutral intermediate. Subsequently, in step 4 (proton 
transfer) a proton is transferred from H30* to the oxygen atom, as shown. In step 5 (loss of leaving group), the carbonyl 
group is reformed and an alcohol serves as the leaving group, resulting in the opening of the ring. In step 6 (proton 
transfer), water serves as a base which deprotonates the cationic intermediate, resulting in formation of a bifunctional 
product. 


@\ 


S BG p 


O 
H°@>H 
5 Æ The = 
H^ `H G sie n” 
cw 8 Pee eee HO (01e) 
HO OH HO OH 
20.24. 
(a) An amide is converted to the corresponding amine (0) O 
upon treatment with lithium aluminum hydride, followed iy 
by water work-up. Cl 3 NH 
— + NH,Cl 
oO 
1) excess LiAIH, 
NH g NH2 
2) H2O 
(c) An amide is hydrolyzed to give a carboxylic acid 
upon treatment with aqueous acid at elevated 
temperature. Under these acidic conditions, the by- 


(b) The reaction of an acid chloride with excess 
ammonia results in replacement of the chloride leaving 
group with an NH2 group. 


product (ammonia) is protonated, resulting in formation 
of an ammonium ion. 
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O oO followed by protonation with water, produces benzyl 
H30* amine, as shown. 
NH2 5 OH © 
heat + NH4 (0) 
: i e CI 1) excess NH3 NH2 
20.25. An acid chloride can be converted to an amine in > UAH 
two steps. First, the acid chloride is treated with excess 3) H2O ki 


ammonia to produce the corresponding amide. 
Subsequent reduction with lithium aluminum hydride, 


20.26. 

(a) This reaction occurs under acidic conditions, so we must avoid formation of a strong base. Thus, proton transfers 
are required at multiple stages in the mechanism. The first step (proton transfer), requires two curved arrows to show 
the transfer of a proton from H30* to the carbonyl group, resulting in formation of an activated electrophile. In step two 
(nucleophilic attack), water serves as a nucleophile attacking the protonated carbonyl group, producing a cationic 
tetrahedral intermediate. We cannot immediately expel the amine group at this stage, as this would result in the 
formation of a strong base. This must be avoided in acidic conditions. This nitrogen atom must first be protonated. 
However, protonation at this stage would result in an intermediate with two positive charges, which should be avoided, 
if possible. Therefore, in the next step (step 3), water serves as a base, resulting in a neutral intermediate. 
Subsequently, in step 4 (proton transfer), a proton is transferred from H30* to the nitrogen atom, as shown. In step 5 
(oss of leaving group), the carbonyl group is reformed and the amine serves as the leaving group, resulting in the 
opening of the ring. In step 6 (proton transfer), water serves as a base which deprotonates the cationic intermediate, 
resulting in formation of a bifunctional product. Under these acidic conditions, the amino group in the product is 
protonated to give an ammonium ion. 


O 
en~ N 
H3N OH 


(b) This mechanism has three steps: 1) nucleophilic attack, 2) loss of a leaving group and 3) proton transfer. The first 
step (nucleophilic attack) requires two curved arrows, which show hydroxide functioning as a nucleophile and 
attacking the electrophilic carbonyl group, resulting in an anionic tetrahedral intermediate. In step two (loss of a leaving 
group), the carbonyl group is reformed as a result of cleavage of the carbon-nitrogen bond, thereby opening up the ring 
and resulting in formation of a bifunctional anionic intermediate containing a carboxylic acid group and a deprotonated 
amine. In the third step (proton transfer) the anionic nitrogen atom serves as a base, deprotonating the carboxylic acid 
group in an intramolecular process, resulting in the formation of a carboxylate ion. 
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20.27. 
(a) LiAlHs reduces the C=N triple bond to a single bond 
via incorporation of two equivalents of hydride, 


producing the primary amine shown. 
iT: NH2 


CN 1) xs LiAIH, 
A 2) H2O 

(b) Treating benzyl bromide with sodium cyanide results 
in the formation of an intermediate nitrile (shown) via an 
Sn2 reaction. Subsequent attack by a Grignard reagent 
produces an anionic intermediate which is then 
protonated and hydrolyzed with H3O* to form the 


corresponding ketone. 


3) H30* 
NaCN 1) MeMgBr 
2) H30* 


(c) Reaction of a nitrile with a Grignard reagent produces 
an anionic intermediate which is subsequently protonated 
and hydrolyzed with H30* to form a ketone, as shown. 
Reduction with LiAlH4, followed by water, converts the 
ketone to the corresponding secondary alcohol. 


Cy oan 
O 
1) EtMgBr 1) LiAIH, 


2) H30* 2) H20 


_1)NacN NaCN 
2) MeMgBr 


1) EtMgBr 
2) H30* 
3) LIAIH, 
4) H20 


(d) A nitrile undergoes hydrolysis to give a carboxylic 
acid upon prolonged treatment with aqueous acid at 
elevated temperature. 
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CN H.07 
> OH 


20.28. 

(a) Reaction of the acid chloride with excess ammonia 
results in substitution of chloride with the nitrogen atom 
from ammonia. Thionyl chloride serves to dehydrate the 
resulting amide thus producing the desired nitrile as 


shown. 
@) 


Cl 1) excess NH3 ch 


2) SOCI, 


(0) 
excess NH3 SOCI 
NH2 


(b) Two approaches for this transformation are shown. 
Note that each approach incorporates an extra carbon 
atom to convert the starting material (which has seven 
carbon atoms) into the product (which has eight carbon 
atoms). In the first approach, sodium cyanide serves as a 
nucleophile in an Sn2 reaction, displacing the bromide to 
produce a nitrile. The nitrile is subsequently hydrolyzed 
upon heating with aqueous acid, to produce the desired 
carboxylic acid. 

In the second approach, benzyl bromide is converted to 
benzyl magnesium bromide (a Grignard reagent), which 
serves as a nucleophile in a subsequent reaction with 
carbon dioxide. The resulting carboxylate ion is then 
protonated with H3O* to produce the desired carboxylic 
acid. 

1) NaCN 


J 2)H30* N 
heat 
cr 
NO DM9 7 


2) CO» 
3) H,0* 


OH 
cr Y 
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20.29. This reaction occurs under acidic conditions, so we must avoid formation of a strong base. Thus, proton 
transfers are required at multiple stages in this mechanism. The following mechanism has five steps: 1) proton transfer, 
2) nucleophilic attack, 3) proton transfer, 4) proton transfer and 5) proton transfer. The first step (proton transfer), 
requires two curved arrows to show the transfer of a proton from H30* to the nitrogen atom, resulting in the formation 
of an activated electrophile. In step two (nucleophilic attack), water serves as a nucleophile attacking the activated 
electrophilic carbon atom of the protonated nitrile, producing a cationic intermediate. In step 3 (proton transfer), water 
serves as a base, resulting in a neutral intermediate. Subsequently, in step 4 (proton transfer), a proton is transferred 
from H30* to the nitrogen atom to produce a cationic intermediate (two key resonance structures are shown). In step 5 
(proton transfer), water serves as a base which deprotonates the cationic intermediate, resulting in the formation of an 


amide. 
Hoe Z Xo LH 
\ AO N 
= H © H~ `H 
C=N: C=N—H = © H 
U 0S 
H 
Hsu 
‘ SK 
Sen ead of eo 
ra H” `H 
70° — > OH OH 
Ha) 
HSH 
H, H 
N 
O 
20.30. weed 
(a) Acid catalyzed hydrolysis of the ester produces the ) 2 
carboxylic acid, which can then be converted to the acid OH 2) excess NH3 NH2 
chloride upon treatment with thionyl chloride. 3) LiAIH, 
per ms j oe 
— > 1) LIAIH4 
OMe 2) SOCI? Cl Soc 2) HO 


oO (0) 
excess NH3 
(@) — > 
= ÅA = j “ 
OH 


(b) Upon treatment with thionyl chloride, a carboxylic 
acid is converted to the corresponding acid chloride, 
which can then be treated with excess ammonia to 
produce an amide. Reduction of the amide with LiAlHa, 
followed by protonation with water, yields the desired 
primary amine. 


(c) Hydrolysis of acetic anhydride with water produces 
acetic acid, which can be converted to the desired 
product (acetyl chloride) upon treatment with thionyl 
chloride. 
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1) H20 
— 


J ae 
O 2) SOCh CI 


O 
H20 JL SOCh 
OH 


(d) The transformation requires conversion of an ester to 
an amine (with no change in the carbon skeleton). One 
way to achieve this transformation involves initial 
hydrolysis of the ester. The resulting carboxylic acid is 
converted to the acid chloride with thionyl chloride, 
which subsequently reacts with excess ammonia to 
produce the amide. Reduction of the amide with LiIAIH4, 
followed by water work-up, yields the desired primary 
amine. 
o 1) H30* 
2) SOCI2 
OEt 3) excess NH3 


— 


4) LiAIH, 
5) HO 


oO 
O 
SOCI CI xs NH3 


(e) A carboxylic acid can be converted to an acid 
chloride upon treatment with thionyl chloride. The acid 
chloride will then react with excess ammonia to produce 
an amide. Dehydration of the amide with thionyl 
chloride yields the desired nitrile. 


O 
1) SOCI 
) 2 CN 
OH 2)excess NH3 O 
ol 
3) SOCI 
SOCI2 SOClz 
O (0) 
excess NH3 
al 


(f) This transformation involves hydrolysis of acetic 
anhydride to give acetic acid, which can be achieved in a 
single step, upon treatment with water. 


Oo O HO (©) 
O OH 
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(g) An acid chloride can be converted to the 
corresponding ethyl ester in a single step, as shown. 


O 


O 
a ae OEt 
py 


(h) Hydrolysis of the amide with H30* (and heat) 
produces a carboxylic acid, which can be converted to an 
acid chloride upon treatment with thionyl chloride. 
Subsequent reaction with a sterically hindered lithium 
trialkoxy aluminum hydride reagent, followed by water 
work-up, produces the desired aldehyde. 


(0) a (0) 
1) H3O*, heat 
NH> 2) SOCl H 
3) LiA(OR)3H 
4) H20 


H30° 1) LiAKOR)3H 
heat 2) H20 
o 
SOC 
m 


(i) Hydrolysis of the nitrile produces the carboxylic acid, 
which can be subsequently reduced to the primary 


alcohol with LiAlHs, followed by water. 
on OH 

Cy 2) excess LiAIH, Cy 

3) H2O 

1) xs LiAIH, 


O 
H,0* OH 2) H20 


(j) Oxidation of a primary alcohol with a strong 
oxidizing agent yields a carboxylic acid, which can be 
subsequently converted to an acid chloride. Reaction 
with excess ammonia gives an amide, which can be 
dehydrated with thionyl chloride to give the desired 


nitrile. 
1) NazCr207, 
H2SQ,, H20 CN 
OH 2) SOCI? 
3) excess NH3 
4) SOCl 
NazCr207, 
| H2SO4, H2O i SOCI, 
oO Oo 
OH NH2 
Se 9 


CI excess NH3 
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20.31. 


(a) In this transformation, an alkene is being converted into an alcohol. Since the OH group is installed at the less 
substituted carbon, we need an anti-Markovnikov addition. This can be accomplished using a hydroboration- oxidation 


reaction sequence. 


H E H = 
1) BH3- THF 
> 
H3CO | 2) H202, NaOH H3CO 
HO 
O oO 


It is reasonable to assume that the unhindered monosubstituted alkene will react more rapidly than the hindered 
trisubstituted alkene. In practice, the investigators enhanced the selectivity of the hydroboration process by using 


RoBH (where R = alkyl) in place of BH3. 


(b) In this transformation, a primary alcohol is being converted to an acid chloride. This can be accomplished via a 
two-step process. The primary alcohol is first oxidized to a carboxylic acid, so we must choose an appropriate oxidizing 
agent. This is followed by conversion of the carboxylic acid to the acid chloride, using SOCl2, as shown. 


1) NagCr207, H2SOq, H20 


H 


H Pi 
H3CO 
3 a 2) SOC 


20.32. 

(a) The starting material has seven carbon atoms, and the 
product has nine carbon atoms. This requires installation 
of an ethyl group via a carbon-carbon bond-forming 
reaction. There are certainly several ways to achieve the 
installation of a single ethyl group. Let’s first consider 
one way that will NOT work. Specifically, we cannot 
install the ethyl group via the reaction between an acid 
chloride and a Grignard reagent, as that would install two 
ethyl groups: 


OH 


This reaction cannot be controlled to install a single ethyl 
group. However, a lithium dialkyl cuprate will attack an 
acid chloride just once, installing just one ethyl group: 


1) EtMgBr 


o 
Bus 2) H20 


R 


O EtCuLi 


JIL —— 


R CI R 


In order to use this method to install an ethyl group, we 
must first convert the starting material into an acid halide 
(which can be accomplished by treating the acid with 
thionyl chloride). Then, after installation of the ethyl 
group, we must convert the ketone into the final product 
(which can be achieved via reduction): 


H3CO 
o” “OH 


™ HCO 
Opi 


oO 


SOCI 


OH 
OH 1) SOCI? 
rr 
2) EtpCuLi 
3) LIAIH4 


4) HO 1) LiAIH, 
2) H2O 


O O 
o~ EtCuLi o~ 
— 


Alternatively, a single ethyl group can be installed via 
the reaction between an aldehyde and a Grignard 
reagent. This strategy gives the following synthesis: 
The carboxylic acid is first converted to an acid halide, 
followed by subsequent treatment with LiAl(OR)3H to 
give an aldehyde. The aldehyde can then be treated with 
ethyl magnesium bromide, followed by aqueous work- 
up, to give the desired product. This alternative strategy 
demonstrates that there is rarely only one correct way to 
approach a synthesis problem. THIS IS TRUE FOR 
NEARLY ALL OF THE SYNTHESIS PROBLEMS 
THAT WE ENCOUNTER. 
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(b) One solution to this problem is shown here (there are 

certainly other acceptable solutions). Bromobenzene is 

converted to phenyl magnesium bromide (a Grignard 

reagent) and then treated with formaldehyde, followed 

by water work-up, to give benzyl alcohol, which serves 

as a nucleophile in a subsequent reaction with acetyl 
4) CH3,COCI, 


chloride to give the desired ester. 
pyridine 
oO 
ee 


1) Mg 
2) _2)CHO 


3) "3)HO0. 


pyridine 


-o~ 


(c) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 


steps (a-d) follows. 
O 
oos 
y 
o a 


MgBr 


2) 2)H0. 


Cl 


OH 
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a. The desired product is an ester, which can be made 
via acetylation of the appropriate tertiary alcohol. 

b. The tertiary alcohol can be made from an acid 
halide upon treatment with excess Grignard reagent. 

c. The acid halide can be made from the 
corresponding carboxylic acid (benzoic acid). 

d. Benzoic acid can be made from the starting material 
via hydrolysis. 


Now let’s draw the forward scheme. Hydrolysis of the 
nitrile to the carboxylic acid, followed by reaction with 
thionyl chloride, produces the acid chloride. Reaction 
with excess methyl magnesium bromide, followed by 
water work-up, results in the formation of a tertiary 
alcohol, with the incorporation of two new methyl 
groups. The tertiary alcohol can then serve as a 
nucleophile in an acetylation reaction (upon treatment 
with acetyl chloride) to give the desired ester. 


1) H30*, heat 


on Jk 
2) SOCIp O 
3) excess MeMgBr 
4) H20 O 
H30* 5) CH3COCI, pyridine pa 
heat ii cl 
pyridine 
O 
OH OH 
O 
SOCI% CI 1) xs MeMgBr 


2) H20 


20.33. In this transformation, two new C-C bonds are being formed. Note that the two new groups are different. One is 
a simple methyl group and the other is a branched six-carbon group containing a double bond. The identity, but not the 


position, of the functional group is also changing. 


O OH 
ZA 


A reasonable first step is to convert the carboxylic acid into an acid chloride. 


oO 
er 


SOCIy 


— 
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The desired product is a tertiary alcohol, and we know that tertiary alcohols can be made from acid chlorides using 
excess Grignard reagent. This approach will not work in this case, because we must install two different groups. 
Consider what would happen if we treated the acid chloride above with excess Grignard reagent: 


OH 


CI = 1)xs CH3MgBr 
r 
2) H20 


loa 
O OH 
A 
CI 1) xs (CH3)2C=CHCH2CH2MgBr 
> 
2) H20 
es, 


In each case shown above, the product would be a tertiary alcohol in which two identical groups have been installed. 
This is a noteworthy limitation to the use of excess Grignard for making tertiary alcohols from acid chlorides. Our 
synthesis must install two different groups, one at a time. Use of a Gilman reagent would allow the installation of one 
group, forming a ketone; subsequent addition of a Grignard reagent to the ketone, followed by protonation, installs the 
second group, giving a tertiary alcohol. 


O 


O OH 
CI R4CuLi R' 1) R"MgBr a 
ee ku 
2) H20 


Putting it all together, there are two variations of this synthesis that differ only in the order in which the two groups are 
installed: 


1) SOCh 
OH 2) (CHs)2CuLi 

3) (CH3)2C=CHCH2CH2MgBr 

4) H2O 


1) SOC 
OH 2) [(CH3)2C=CHCH2CH 2]2CuLi 


3) CH3MgBr 
4) H20 


OH 
Z 
> 
OH 
A 
= 


20.34. The signal at 1740 cm! indicates the presence of a carbonyl group (likely of an ester group) that is not 
conjugated with the aromatic ring (it would be at a lower wavenumber if it was conjugated). The cyclic ester (lactone) 
below fits the description provided and would indeed result in the diol shown upon reduction with two equivalents of 
LiAlH4, followed by water work-up. 


o OH 
1) LiAIH, (2 eq.) 
— ~ 
O 2) H2O OH 
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20.35. 

(a) Each of these acids is a para-substituted benzoic acid. Relative acid strength depends on the electron withdrawing 
(or electron donating) capacity of the substituent. Electron withdrawing groups pull electron density away from the 
ring, thus stabilizing the anionic charge on the conjugate base, thus giving a stronger acid. Electron donating groups 
have the opposite effect: they donate electron density into the ring, thus destabilizing the anionic charge on the 
conjugate base, resulting in a weaker acid. Accordingly, the acids below are arranged in order of increasing acid 
strength. As seen in Table 18.1, a methoxy group is strongly electron-donating; a methyl group is weakly electron- 
donating; a bromine atom is weakly electron-withdrawing; a carbonyl group is a moderate electron-withdrawing group; 
a nitro group is a strong electron-withdrawing group. 


Increasing acidity 


COOH COOH lou COOH COOH 
Sor ` Hc” D Br At ON’ > 
O 


(b) When comparing the acids below, the difference in acidity is related to the proximity of the electron-withdrawing 
bromine atom to the carboxylic acid group. The closer the bromine atom is to the carboxylic acid, the more it stabilizes 
the anionic charge on the conjugate base. Accordingly, the strongest acid in this series has the bromine atom alpha to 
the carboxylic acid, followed by the isomer with the bromine atom on a beta position, and then the isomer with the 
bromine atom on a gamma position, as shown below. 


Increasing acidity 


(0) Br O (0) 
Bi OH OH OH 
Br 
20.36. (with a ring composed of five carbon atoms) is thus 
(a) The second carboxylic acid group is electron cyclopentanecarboxylic acid. 
withdrawing, and stabilizes the conjugate base that is 
formed when the first proton is removed. (0) 
(b) The carboxylate ion is electron rich and it 
destabilizes the conjugate base that is formed when the OH 


second proton is removed. 

(c) Since both pki and pK2 are lower than 7.3, they are 
both expected to be largely deprotonated at physiological 
pH, resulting in the dianion shown below. 


cyclopentanecarboxylic acid 


(b) An amide is named by replacing the suffix “ic acid” 


o o or “oic acid” with “amide”. The corresponding 
carboxylic acid is named cyclopentanecarboxylic acid. 
Oo o£ Replacement of “ic acid” with “amide” produces the 


name cyclopentanecarboxamide. 


(d) The number of methylene (CH2) groups separating 


the carboxylic acid groups is greater in succinic acid than O 

in malonic acid. Therefore, the inductive effects 

described above in parts (a) and (b) are not as strong. NH2 
20.37. cyclopentanecarboxamide 


(a) When a carboxylic acid group is attached to a ring, it 
is named as an alkanecarboxylic acid. This compound 
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(c) This acid chloride is named by replacing the “ic acid” chloride”, resulting in the IUPAC name _ pentanoyl 
from the parent (benzoic acid) with “yl chloride” to chloride. 
produce benzoyl chloride. (0) 


; eee ne 


pentanoyl chloride 
CI 
(g) The chain that contains the amide group is comprised 
of six carbon atoms, so the “e” in the parent name 
benzoyl chloride (hexane) is replaced with the suffix “-amide”, resulting 

in the IUPAC name hexanamide. 
(d) An ester is named by indicating the alkyl group (in 
this case, ethyl) attached to the oxygen atom of the ester, O 
followed by the parent name of the corresponding Pokus 
carboxylic acid in which the “ic acid” is replaced by NH 
ate”. That is, the parent carboxylic acid (acetic acid) 


2 


ce, 


als hexanamide 
becomes acetate, giving the name ethyl acetate. 
O ; 
20.38. The common name for each molecule is shown 
A o ™ below: 
(a) (b) 
ethyl acetate O 
(e) The chain that contains the carboxylic acid group is O O OH 
comprised of six carbon atoms, so the “e” in the parent A A 
name (hexane) is replaced with the suffix “-oic acid”, O 
resulting in the IUPAC name hexanoic acid. acetic anhydride benzoic acid 


a ©) (a) 
Pee O NL 
hexanoic acid H OH HO OH 
(f) The chain that contains the acid chloride group is aes ht 


comprised of five carbon atoms, so the “e” in the parent 
name (pentane) is replaced with the suffix “-oyl 


20.39. A molecular formula of CoHi202 corresponds with one degree of unsaturation (see Section 14.16), which 
accounts for the carboxylic acid group. Since there are no other degrees of unsaturation, all of the isomers must be 
acyclic, saturated carboxylic acids. There are eight isomers that fit this description, shown here. These isomers are 
identified by methodically considering each possible parent chain. There is only one isomer with a parent chain of six 
carbon atoms (the first isomer shown). Then, there are three isomers that have a parent chain of five carbon atoms 
(with one methyl substituent). The methyl group can be located at C2, C3 or C4 (it cannot be at C5, because that would 
simply generate a parent chain of six carbon atoms, and we have already accounted for that isomer). Then, there are 
several isomers with a parent chain of only four carbons (with either two methyl groups or with one ethyl group). Once 
again, these isomers are drawn methodically. The two methyl groups can both be at C2, or they can be at C2 and C3, 
or both can be at C3. And finally, there can be an ethyl group at C2. Notice that, for a four-carbon chain, an ethyl 
group cannot be placed at C3, as that would generate a structure with a parent of five carbon atoms (and we have 
already accounted for that isomer). 

Each carboxylic acid is named by identifying the longest chain containing the carboxylic acid group and replacing the 
“e” at the end of the alkane name with “oic acid”. Each chain is numbered with the carboxylic acid carbon atom being 
C1, and the substituents are identified accordingly. Three of the isomers exhibit chiral centers (highlighted). 
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hexanoic acid 
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chirality centers 


BUA, 


3-methylpentanoic acid 


2-methylpentanoic acid 


4-methylpentanoic acid 


O 
X A 


3,3-dimethylbutanoic acid 


20.40. There are only two constitutional isomers, shown 
below. Each one is named by identifying the longest 
chain containing the acid chloride group and replacing 
the “e” in the parent name with the suffix “-oyl 
chloride”. The first isomer is thus named butanoyl 
chloride. In the second (branched) isomer, the chain is 
numbered so that the carbonyl group is C1, which puts 
the methyl substituent on C2, resulting in the IUPAC 
name 2-methylpropanoyl chloride. 


O O 


p cl 


butanoyl chloride 
2-methylpropanoyl chloride 


20.41. 

(a) Pentanoic acid is converted to 1-pentanol using a 
strong reducing agent (LIAIH4), followed by water work- 
up, as shown. 


2 1) xs LiAIH, 


— r> 
ae 2) H2O XY on 


(b) Pentanoic acid is initially converted to 1-pentanol 
using a strong reducing agent (LiAIHa), followed by 
water work-up, as shown. Conversion to the tosylate 
followed by reaction with a strong, sterically hindered 
base produces 1-pentene via an E2 reaction. Note that a 
sterically hindered base is required in the last step 
because a non-sterically hindered base (i.e., NaOEt) 
would result in the formation of the Sn2 product as the 
major product. 


o 
OH ~ao OH 


2,2-dimethylbutanoic acid 


2,3-dimethylbutanoic acid 


OH 


2-ethylbutanoic acid 


r 1) xs LIAIH4 
rs — 
OH 3) TsCLpy SNI 
4) tBuOK 
1) xs LiAIH, mange 
2) H2O =EN 
TsCl, py 
SYS on =E NN ots 


(c) Conversion of pentanoic acid to hexanoic acid 
requires the installation of an extra carbon atom. There 
are certainly many acceptable solutions to this problem. 
One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 
steps (a-d) follows. 


srana a 
O 


SY 0H 


SA 


a. The desired product can be made via hydrolysis of a 
nitrile. 

b. The nitrile can be made from 1-bromopentane (via 
an Sn2 process). 

c. 1-Bromopentane can be made from 1-pentanol 
(upon treatment with PBrs). 


NN en 
IG 


— ea 
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d. 1-Pentanol can be made from pentanoic acid via 
reduction. 


Now let’s draw the forward scheme. Reduction of 
pentanoic acid gives l-pentanol. Treating this alcohol 
with PBr3 produces 1-bromopentane. Subsequent Sn2 
substitution with sodium cyanide installs an extra carbon 
atom, producing a nitrile, which can be hydrolyzed to the 
desired product under acidic conditions: 


1) xs LiAIH, 


oO 
2) H2O 
saal a n 
OH 3) PBr3 OS SEE 
4) NaCN O 
: : r 5) H30*, heat H;0* 
) H2 heat 
NAN AAN oH NN on 
PBr3 NaCN 
NANA 
20.42. 
(a) Anti-Markovnikov addition of water (via 


hydroboration / oxidation) produces 1-pentanol, which is 
subsequently oxidized to pentanoic acid using a strong 
oxidizing agent. 


1) BH3- THF o 
>_> 
NDZ 
2) H205, NaOH OH 
3) Na2Cr207, 
H2SO4, H2O 
1) BH3: THF 


2) H202, NaOH 


(b) Conversion of l-bromobutane to pentanoic acid 
requires the installation of an extra carbon atom. This 
extra carbon atom can be installed via an Sn2 process in 
which bromide is replaced with cyanide, thereby 
converting the alkyl halide into a nitrile. Subsequent 


acid-catalyzed hydrolysis produces the desired 
carboxylic acid, pentanoic acid. 
Oo 
1) NaCN 
Bo ———> 
2) a0", heat OH 
NaCN CN H30* 
SON FF 


heat 


20.43. As discussed in Chapter 18, the methoxy group is 
electron donating via resonance, but electron 


withdrawing via induction. The resonance donation 
effect is stronger, but only significantly affects the 
acidity when the methoxy group is in an ortho or para 
position relative to the carboxylic acid. Note that in the 
third resonance structure for the conjugate base of the 
para derivative below, there is a negative charge next to 
the carboxylate group (a destabilizing effect). In 
contrast, none of the resonance structures of the 
corresponding meta derivative have this destabilizing 
feature, and as such, the conjugate base of the meta 
derivative is more stable than the conjugate base of the 
para derivative. In fact, the conjugate base of the meta 
derivative is even more stable than the conjugate base of 
benzoic acid, because of the electron withdrawing effect 
of the methoxy group (in the absence of strong resonance 
effects that are present in the ortho or para derivative). 


o o 
o9 © of 

=> 

7 1 


o o 
is) 
o£ of 
=P 
eo x e 
o o 
=> 
iS) 
(©) 
Pas oo 
o i o 
iS) 
o° gF 
<=> 
Ə 
®© 
„O „Qe 
20.44. 


(a) Reaction of hexanoy1l chloride with an excess of ethyl 
amine produces the corresponding amide, where the 
chloride leaving group has been replaced with the 
nitrogen atom of the amine, as shown. 


rw ew. 


| 
H 


(b) Reaction of hexanoyl chloride with an excess of 
LiAlH4, followed by water work-up, reduces the 
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carboxylic acid group to the corresponding primary 
alcohol. 


A Zou 


(c) Reaction of hexanoyl chloride with ethanol and 
pyridine produces the corresponding ester, where the 
chloride leaving group has been replaced with an ethoxy 


group. 


O 


PPPs 


(d) Reaction of hexanoyl chloride with water (in the 
presence of pyridine) produces the parent carboxylic 
acid, where the chloride leaving group has been replaced 
with an OH group. 


(0) 


ee 


(e) Reaction of hexanoyl] chloride with sodium benzoate 
produces the corresponding anhydride, where the 
chloride leaving group has been replaced with an oxygen 
atom of sodium benzoate, as shown. 


O O 


AA 


(f) Reaction of hexanoyl chloride with excess ammonia 
produces the corresponding amide, where the chloride 
leaving group has been replaced with an NH2 group. 


O 


Aw 


(g) Reaction of hexanoyl chloride with lithium diethyl 
cuprate produces a ketone, where the chloride leaving 
group has been replaced with the ethyl group from the 
diethyl cuprate, as shown. 


2 


oO 


BPP 


(h) Reaction of hexanoyl chloride with excess ethyl 
magnesium bromide, followed by water work-up, 
produces a tertiary alcohol, where two new ethyl groups 
have been incorporated into the product. The first 
equivalent of ethyl magnesium bromide attacks the 
carbonyl group of the acid chloride to give a ketone 
(nucleophilic attack of EtMgBr, followed by loss of 
chloride). A second equivalent of ethyl magnesium 
bromide then attacks the carbonyl group of the ketone 
intermediate to produce an alkoxide ion, which is 
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subsequently protonated during work-up to give the 
following tertiary alcohol. 


AH 
20.45. 


(a) Reaction with thionyl chloride converts a carboxylic 
acid into the corresponding acid chloride, shown here. 


O 
o~ 
(b) A carboxylic acid is reduced to the corresponding 
alcohol upon treatment with LiAlHa, followed by water 


work-up. 
a~ 


(c) Reaction with sodium hydroxide deprotonates the 
carboxylic acid to yield the sodium carboxylate. 


O 
oo 


(d) Reaction with ethanol and catalytic acid converts the 
carboxylic acid to the ethyl ester shown, via a Fischer 


esterification. 
O 
men 
20.46. 
(a) A carboxylic acid is reduced to the corresponding 
alcohol upon treatment with LiAlHa, followed by water 


work-up. 

Mb 1) xs LiAIH, Me 
od OH 

(b) Reaction with thionyl chloride converts the 


carboxylic acid to the corresponding acid chloride. 
Subsequent reaction with dimethylamine (in the presence 
of pyridine) converts the acid chloride to the 
corresponding dimethylamide. 


O oO 


OH Nw 


2) xs (CH3)2NH 


(0) 


wel xs (CH3)2NH 
cl 
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(c) An amide is converted into the corresponding nitrile 
upon treatment with thionyl chloride. 


SOC - 
(d) Acid catalyzed hydrolysis of an ester gives a 
carboxylic acid. Subsequent reaction with acetyl chloride 
following anhydride as the product. 
N An PE OL 
OMe 
pyridine 
ao o CH3COCI, 
3 Dex pyridine 
OH 
with DIBAH, followed by water work-up. 
oO 
ome _1)DIBAH 
“JHO H20 
Phenol replaces the acetate leaving group on acetic 
anhydride resulting in the formation of a phenyl ester 
acetylation reaction. 
O O 
OH ps I 
OQ == 
(g) Diphenylamine serves as a nucleophile in this 
reaction. Diphenylamine replaces the chloride leaving 
diphenylamide shown here: 
y X a = 


ML, oe 
and pyridine causes an acetylation reaction that gives the 
2) CH3COCI, 

(e) An ester is converted into an aldehyde upon treatment 

(f) Phenol serves as a nucleophile in this reaction. 

and acetic acid, as shown. This process is called an 

© O 
TY 7 A 
Oo HO 
group on acetyl chloride resulting in the formation of the 


(h) Acid-catalyzed hydration of the cyclic ester (lactone) 
results in formation of a bifunctional molecule 
containing both a carboxylic acid group and a phenol 
group. 

oO 


O 
H30* OH 


Cot 
OH 


— r 


20.47. 

(a) The new bond that forms as a result of a Fischer 
esterification is the o bond between the carbonyl group 
and the oxygen atom connected to it, as shown. Making 
this disconnection, it becomes evident that benzoic acid 
and phenol would produce the desired ester under acidic 
conditions. 


(b) The new bond that forms as a result of a Fischer 
esterification is the o bond between the carbonyl group 
and the oxygen atom connected to it, as shown. Making 
this disconnection, it becomes evident that butyric acid 
and isopropanol would produce the desired ester under 
acidic conditions. 


Aes. 
PP: f ea 


20.48. Oxidation of the primary alcohol gives the 
corresponding carboxylic acid (A). Reaction of A with 
thionyl chloride converts the carboxylic acid to the acid 
chloride (B). Reaction of B with excess ammonia 
produces the amide (C). Carboxylic acid (A) undergoes 
Fischer esterification upon reaction with ethanol and 
catalytic acid to produce the ethyl ester (D). Reaction of 
acid chloride B with a lithium trialkoxyaluminum 
hydride produces aldehyde F, which can also be made 
from ester D by reaction with DIBAH (E). 
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aoa 


NazgCr207 
H2504, H20 
O Vi [HY O 
< 4 
OEt BH OH 
Compound D Compound A 
E | DIBAH 
SOCI, 
O : O 
Ox 1) LIAKOR)3H Ox 
a 
H 2) H20 cI 
Compound F Compound B 
| xs NH3 
; O 
NH2 
Compound C 
20.49. 


(a) This transformation does not involve a change in the 
carbon skeleton. Only the identity of the functional 
group must be changed. To accomplish this 
transformation, the starting material can be treated with 
NaOH to give l-pentanol via an Sn2 reaction. 
Subsequent oxidation of the primary alcohol gives the 
desired carboxylic acid. 


NNN Br 1) NaOH > OH 
2) Na2Cr207, 
H2SO4, H2O O 
NaOH 
ee NagCr207, 


(b) This transformation involves a change in the carbon 
skeleton (one extra carbon atom must be inserted), as 
well as a change in the identity and location of the 
functional group. To accomplish this transformation, the 
starting material can be treated with NaCN, thereby 
converting 1-bromopentane into hexanenitrile via an Sn2 
reaction. Subsequent acid catalyzed hydrolysis of the 
nitrile (upon treatment with aqueous acid) gives 
hexanoic acid. 


SNS, ——— Se 
2) H30*, 
heat . O 
NaCN H3O 
heat 
SAAN 
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(c) First, 1-bromopentane can be converted into 
pentanoic acid in just two steps, as shown in the solution 
to part (a) of this problem. Then, treating this carboxylic 
acid with SOCl will give the desired acid chloride. 


~ A~n Br NAO cl 
2) NazCr207, 
H2SO,, H2O O 
NaOH I 
3) SOCI» | SOC 
PF SED OH 
H2SO4, H2O E ae 
O 


(d) First, 1-bromopentane can be converted into 
hexanoic acid in just two steps, as shown in the solution 
to part (b) of this problem. Then, this carboxylic acid 
can be converted into an acid halide, followed by 
treatment with excess ammonia to give the desired 
product: 


1) NaCN 
Ysa > NH2 
2) H30", 
NaCN heat fe) 
3) SOCh xs NH3 
4) xs NH3 
NN ™ cn 


(e) First, 1-bromopentane can be converted into 
pentanoic acid in just two steps, as shown in the solution 
to part (a) of this problem. This carboxylic acid can then 
be converted into an acid halide, followed by treatment 
with excess ammonia to give the desired product: 


1) NaOH 

——— 

2) NazCr207, 
H2S04, H20 

3) SOCI 

4) xs NH3 


ANZ NAA Br 
| NaOH 


OH 


Na2Cr207, 
H2S04, H2O 


(£) First, 1-bromopentane can be converted into 
hexanoic acid in just two steps, as shown in the solution 
to part (b) of this problem. Upon treatment with ethanol 
in acid-catalyzed conditions, the carboxylic acid can be 
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converted into an ester via a Fischer esterification 
process: 


1) NaCN 
——4§x© 


OEt 
2) HO", b i 


heat O 
[nen 3) [H*], EtOH 


SNAN Ae 


[H*], EtOH 
H30* 
NN ea —__> OH 
CN heat Eee 
O 


20.50. 

(a) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 
steps (a-c) follows. 


ars “O™ 
O40" 


a. The desired product can be made via a Grignard 
reaction between phenyl magnesium bromide and 
acetone. 

b. Phenyl magnesium bromide can be made from 
bromobenzene via insertion of magnesium. 

c. Bromobenzene can be made from benzene via 
bromination. 


Now let’s draw the forward scheme. Benzene is 
converted into bromobenzene upon treatment with Br2 
and AIBr3 (via an electrophilic aromatic substitution 
reaction). Bromobenzene is subsequently converted into 
phenyl magnesium bromide, which is then treated with 
acetone (in a Grignard reaction), followed by water 
work-up, to give the desired tertiary alcohol. 


OH 
1) Bro, AlBr3 
— 
2) Mg 
O o 
Pra a A 1) A 
AlBr3 
4) H20 2) H20 


(b) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 
steps (a-e) follows. 


oO 


—Z 


5 


ys 


MgBr 
A e 


a. The desired amide can be made from the 
corresponding acid chloride (benzoyl chloride). 

b. Benzoyl chloride can be made from benzoic acid 
upon treatment with thionyl chloride. 

c. Benzoic acid can be made from the reaction 
between phenyl magnesium bromide and carbon 
dioxide. 

d. Phenyl magnesium bromide can be made from 
bromobenzene via insertion of magnesium. 

e. Bromobenzene can be made from benzene via 
bromination. 


O=0=0 


Now let’s draw the forward scheme. Benzene is 
converted into bromobenzene upon treatment with Br2 
and AIBr3 (via an electrophilic aromatic substitution 
reaction). Bromobenzene is subsequently converted into 
phenyl magnesium bromide, which is then treated with 
carbon dioxide, followed by an acidic workup, to give 
benzoic acid. Conversion to the acid chloride, followed 
by reaction with dimethylamine, yields the desired 
amide. 


1) Bro, AIBr3 9 
2) Mg a 
rr 
3) CO2 
4) H30* 
excess (CH3)2NH 

Bra, 5) SOC 
AIBr3 o 


6) excess (CH3)2NH 


` Br CI 


Mg 


D MgBr 


1) CO5 on 
2) H30* 
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As mentioned, there are many alternative solutions. For 
example, benzoic acid can be made from benzene via 
Friedel-Crafts methylation, followed by benzylic 
oxidation. 


(c) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 
steps (a-d) follows. 


oO 


ore 
one 


a. The desired carboxylic acid can be made from the 
reaction between a Grignard reagent and CO2. 

b. The Grignard reagent can be made from the 
corresponding tertiary benzylic halide. 

c. The benzylic halide can be made from isopropyl 
benzene via benzylic bromination. 

d. Isopropylbenzene can be made from benzene via a 
Friedel-Crafts alkylation. 


II 
MgBr + C 


v 


oO 


O 


Now let’s draw the forward scheme. Benzene is 
converted into isopropyl benzene upon treatment with 2- 
chloropropane and a Lewis acid (via a Friedel-Crafts 
alkylation). Benzylic bromination replaces the benzylic 
hydrogen atom with a bromine atom. Conversion to a 
Grignard reagent, followed by reaction with carbon 
dioxide and subsequent acidification, gives the desired 
carboxylic acid. 


1) (CH3)2CHCI, 
AlCl oH 

2) NBS, heat 

rr 

3) Mg Q 
4) CO2 

5) H3O* 

) Hs 1) CO2 
(CH3)2CHCI, 2) H30* 
AlCl 

MgBr 


NBS, 
heat Br Mg 
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(d) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 


steps (a-c) follows. 
i 
a NH> 
Ors 
\? 
^ „Cl 


Q 


a. The desired amide can be made from aniline via an 
acetylation reaction. 

b. Aniline can be made from chlorobenzene via an 
elimination-addition process. 

c. Chlorobenzene can be made from benzene via 
chlorination of the aromatic ring. 


Da 


Now let’s draw the forward scheme. Benzene is 
converted into chlorobenzene upon treatment with Cl2 
and AlCl; (via an electrophilic aromatic substitution 
reaction). Chlorobenzene is then converted to aniline via 
an elimination-addition reaction. Reaction with acetyl 
chloride (in the presence of pyridine) converts aniline to 
the desired amide. 


1) Ch, AICI, 


© 2) NaNHə, NH oy he 


A, o 


Ch, pyridine A 
AlCl; scat 
pyridine 
NH2 


NaNHbp, ea 


os 


As mentioned, there are many alternative solutions. For 
example, aniline can be made from benzene via nitration 
(upon treatment with sulfuric acid and nitric acid), 
followed by reduction (with Zn and HCl). 


20.51. 

(a) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 
steps (a-c) follows. 
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a 


O 
£ 
=> + Etl 
\je 


Br 7 MgBr i 

(Cy =U + 

O 

a. The desired ester can be made from a reaction 

between the corresponding carboxylate ion and 

ethyl iodide (Sn2). 

b. The carboxylate ion can be made from the reaction 

between a Grignard reagent and CO2. 


c. The Grignard reagent can be made from the 
corresponding secondary bromide. 


OEt 


Now let’s draw the forward scheme. Bromocyclohexane 
is converted to a Grignard reagent, which subsequently 
reacts with carbon dioxide to produce a carboxylate ion. 
This anion then serves as a nucleophile in an Sn2 
reaction with iodoethane, giving the desired product. 


o 
O Br 
3) EtI 
| Mg l EtI 
o 


MgBr © © 
Cy D O  MgBr 
—___> 


(b) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 
steps (a-c) follows. 


1) Mg o NN 


2) CO> 


O 


a CI 


+ EbCuLi 


\ o 


- OH 


a. The desired ketone can be made from a reaction 
between an acid chloride and lithium diethyl 
cuprate. 

b. The acid chloride can be made from the 
corresponding carboxylic acid. 

c. The carboxylic acid can be made from the 
corresponding primary alcohol via oxidation. 


Now let’s draw the forward scheme. The primary 
alcohol is oxidized to the carboxylic acid, and 
subsequently converted to the acid chloride upon 
treatment with thionyl chloride. Reaction with lithium 
diethyl cuprate then produces the desired ketone. 


1 ) Na2Cr207, 
O 
Qr H2504, H20 
2) SOCI? 
——— > 

3) EtCuLi 
Na2Cr207, , 
H2S0;, H20 EtCuLi 


(0) (6) 
— 


(c) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 
steps (a-f) follows. 


Cy 


i 
O o 


Cl No 
+ CH3NH2 H 


le 
MgBr i 
+ C 
ll 
O 


oO 
OH S 
Cy L 
Y 
; Br 

a. The desired amide can be made via acetylation of 
the corresponding secondary amine. 

b. The secondary amine can be made via reduction of 
the corresponding amide. 

c. The amide can be made from the corresponding 
acid halide (upon treatment with excess methyl 
amine). 

d. The acid halide can be made from the 
corresponding carboxylic acid, upon treatment with 
thionyl chloride. 


J l a 


Ñ 


= 
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e. The carboxylic acid can be made from the reaction 
between a Grignard reagent and CO2. 

f The Grignard reagent can be made from the 
corresponding secondary alkyl bromide. 


Now let’s draw the forward scheme. Bromocyclohexane 
is converted to a Grignard reagent, which subsequently 
reacts with carbon dioxide to produce the carboxylic acid 
(after acid work-up). Conversion to the acid chloride, 
followed by reaction with methylamine, yields an 
intermediate amide. This intermediate is then reduced to 
the corresponding amine. Finally, reaction with acetyl 
chloride (upon treatment with excess amine) produces 
the desired product. 


1) Mg 
2) CO, | 
3) H30* 

4) SOCI 

5) XS CH3NH2 
6) LIAIH4 

7) H2O 

8) Oo NH 


a 


2) H,0* 1) LiAIH, 
2) H2O 


SOCI, Cl 
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(d) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 
steps (a-b) follows. 


O 


Ba Br 
a. The desired ketone can be made from the reaction 
between a Grignard reagent and a nitrile. 


b. The nitrile can be made from the corresponding 
primary bromide via an Sn2 process. 


Now let’s draw the forward scheme. Reaction of 1- 
bromo-3-methylbutane with sodium cyanide produces 
the nitrile, which is subsequently converted to the 
desired ketone upon treatment with ethyl magnesium 
bromide, followed by aqueous acid, as shown. 


O 
1) NaCN 
Br ——— 
2) EtMgBr 
3) H30* 
NaCN CN 1) EtMgBr 
bia 7 a 


20.52. A methoxy group is electron donating, thereby 
decreasing the electrophilicity of the ester group. A nitro 
group is electron withdrawing, thereby increasing the 
electrophilicity of the ester group. 
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20.53. The reagents for each of these transformations can be found in Figure 20.11. 


om OH F 
pyridine pyridine xs 1) LIAKOR)3H 
NH3 2) H20 
oO oO 
Pree 9 
A, 

J ROH 

ii Cl ROH 
pyridine py 


1) DIBAH 
re) [H*], H20 (0) 


2) H2O 
A 


ROH, [H*] 


20.54. There are certainly many acceptable solutions to this problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the steps (a-d) follows. 


O O 
I 
Oo 
cre cn ` ; MgBr 4, Br 
O 


+ C 


The desired amide can be made from the corresponding acid halide (upon treatment with excess diethylamine). 
The acid halide can be made from the corresponding carboxylic acid, upon treatment with thionyl chloride. 
The carboxylic acid can be made from the reaction between a Grignard reagent and CO2. 

The Grignard reagent can be made from the starting material, via insertion of magnesium. 


an SR 
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Now let’s draw the forward scheme. Conversion of meta-bromotoluene to a Grignard reagent, followed by reaction 
with carbon dioxide and subsequent acidification, produces meta-methylbenzoic acid. The carboxylic acid is converted 
to the acid chloride, which then reacts with diethylamine to produce the desired amide, DEET. 


o 
Br 1) Mg 
2) CO» nO 
n1 oF 
3) H30" la 
4) SOCh 
5) xs EtpNH 
Mg | seu 


MgBr 
Ore _SOClp 
Emea 


20.55. The carbonyl group of diphenyl carbonate has two phenoxide groups attached to it. Each of these groups can 
serve as a leaving group in a nucleophilic acyl substitution reaction. Accordingly, the first equivalent of methyl 
magnesium bromide replaces one phenoxide leaving group in the first two steps of the mechanism (nucleophilic attack, 
followed by loss of the leaving group) to produce an ester intermediate. The second equivalent of methyl magnesium 
bromide then replaces the second phenoxide group in an analogous manner (nucleophilic attack, followed by loss of the 
leaving group) to produce a ketone intermediate (acetone). A third equivalent of methyl magnesium bromide then 
attacks the carbonyl group of the ketone to produce tert-butoxide. Work-up with aqueous acid (H30O*) protonates tert- 
butoxide, as well as the phenoxide ions, giving tert-butanol and two equivalents of phenol. 


OH O 
oe MeMgbr excess MeMgBr H 
+ 2 
an ne AN 
20.56. A mechanism for this reaction is shown below, in which the isotopically labeled '8O atom is highlighted with a 
gray box. Protonation of the carbonyl group activates it toward nucleophilic attack by !8OH2. Two successive proton 


transfers, followed by expulsion of the non-labeled oxygen atom (as a leaving group, H20) and another proton transfer, 
result in the formation of acetic acid with one labeled oxygen atom. 


S/o OH 
o: \ on LOL JOX ri 
J ig -== go < T 
O 
OH OH RE A eo 
"i 
o 
H~@®~H 


ex “Hoe 


o i :OH 
H ode H GO E 
Jig = a 3 
OH OH 


Two successive proton transfer steps (protonation, followed by deprotonation) give a molecule of acetic acid in which 
the labeled oxygen atom is incorporated in the carbonyl group, as shown. 
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20.57. 


(a) An alcohol (ROH) is used as a representative nucleophile in the mechanism below, which has six steps: 1) 
nucleophilic attack, 2) loss of a leaving group, 3) proton transfer, 4) nucleophilic attack, 5) loss of a leaving group and 
6) proton transfer. ROH attacks the carbonyl group of phosgene to form a tetrahedral intermediate which subsequently 
expels a chloride ion. A proton transfer produces the neutral, monochlorinated intermediate shown below. A second 
round of these three steps (nucleophilic attack by ROH, loss of chloride and proton transfer) results in the overall 
substitution of the second chloride ion with the oxygen atom from the alcohol, thereby producing a carbonate ester, as 


shown. 


(b) The molecule below is produced from the reaction 
between phosgene and ethylene glycol via a mechanism 
analogous to the one in part (a) above. In this case, the 
second nucleophilic attack (step 4) is an intramolecular 
reaction, leading to the cyclic product shown here. 


A JL ° 
oe Sol HCl  CI~ ~O. -HCI bk 
o `o 
HO OH Ho J 
aes 


(c) Excess phenyl magnesium bromide reacts with 
phosgene to produce a tertiary alcohol (shown below), 
which results from the incorporation of three molar 
equivalents of the Grignard reagent. The first equivalent 
attacks the carbonyl group to produce a tetrahedral 
anionic intermediate; subsequent expulsion of a chloride 
ion gives an acid chloride intermediate. Likewise, a 
second equivalent of the Grignard reagent attacks the 
carbonyl group, producing a second anionic tetrahedral 
intermediate. Subsequent expulsion of a chloride leaving 
group gives a ketone intermediate, which is attacked by a 
third equivalent of phenyl magnesium bromide. 
Protonation of the resulting alkoxide ion (by H20) gives 
the tertiary alcohol, shown here. 


OH 


mN Ph 


Ph 


20.58. 
(a) Hydrolysis of an ester group produces an alcohol and 
a carboxylic acid. 


H30* aw HO 


As such, hydrolysis of fluphenazine decanoate releases 
the hydrophobic chain as a carboxylic acid, giving the 


following primary alcohol: 
a 
N Zs OH 


X, 


(b) The by-product of the reaction is a carboxylic acid 
containing ten carbon atoms. The “e” at the end of the 
parent alkane name (decane) is replaced with the suffix 
“-oic acid” to give the IUPAC name decanoic acid. 


i e eee 
O 
decanoic acid 
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20.59. There are certainly many acceptable solutions to 
this problem. One such solution derives from the 
following retrosynthetic analysis. An explanation of 
each of the steps (a-d) follows. 


a. The ester can be made via acetylation of the 
corresponding alcohol (benzyl alcohol). 

b. The alcohol can be made from the reaction between 
phenyl magnesium bromide and formaldehyde. 

c. Phenyl magnesium bromide can be made from 
bromobenzene, via insertion of magnesium. 

d. Bromobenzene can be made from benzene via 
bromination of the aromatic ring. 


Now let’s draw the forward scheme. Benzene is 
converted into bromobenzene upon treatment with Br2 
and AIBr3 (via an electrophilic aromatic substitution 
reaction). Bromobenzene is then converted to phenyl 
magnesium bromide (a Grignard reagent), which is then 
treated with formaldehyde, followed by water work-up, 
to give benzyl alcohol. This alcohol then serves as a 
nucleophile in a subsequent acyl substitution reaction 


CHAPTER 20 809 


with acetyl chloride and pyridine to produce benzyl 
acetate (a process called acetylation). 
(0) 


A 
Oe, 


) 
4) H20 
5) CH3COCI, pyridine I 
Cl 


1) Bro, AlBr3 


) Mg 


3 


20.60. Hydrolysis of aspartame hydrolyzes both the 
amide group and the ester group in the molecule. 
Hydrolysis of the ester group produces methanol and 
the carboxylic acid group in phenylalanine, shown 
below. Hydrolysis of the amide group converts this 
group to an amine (shown below on phenylalanine) and 
a carboxylic acid (on the left side of aspartic acid 
below). Note that the stereochemistry at both chiral 
centers is retained because none of the bonds to the 
chiral centers are broken in this transformation. 


j 
N NH, O 
; H HO 
OH 
HO (0) fe} 


phenylalanine aspartic acid 
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20.61. 

(a) The mechanism shown below has three steps: 1) nucleophilic attack, 2) loss of a leaving group and 3) proton 
transfer. Phenol serves as a nucleophile in the first step, attacking the carbonyl group of the acid chloride to produce a 
tetrahedral intermediate. Reformation of the carbonyl group and expulsion of the leaving group (chloride) produces a 
cationic intermediate which is subsequently deprotonated by pyridine to give an ester. 


O zO O 
ae TO 
Jk 9 ergo o6 -cf m gog 


CI Ph Ph 


(b) The first part of this reaction (saponification) has three mechanistic steps: 1) nucleophilic attack, 2) loss of a leaving 
group and 3) proton transfer. The first step (nucleophilic attack) requires two curved arrows, which show hydroxide 
functioning as a nucleophile and attacking the electrophilic carbonyl group, resulting in an anionic tetrahedral 
intermediate. In step two (loss of a leaving group), the carbonyl group is reformed with loss of an alkoxide ion, 
resulting in opening of the ring and formation of a carboxylic acid. In the third step (proton transfer), the tethered 
alkoxide ion serves as a base, deprotonating the carboxylic acid intermediate, resulting in the formation of a 
carboxylate ion. This third step (in which a strong base deprotonates the carboxylic acid) is the driving force of the 
reaction. Subsequent work-up with aqueous acid protonates the carboxylate ion, regenerating the carboxylic acid. 


O °C 
He) OH 
er. rd 
Z wo My G ae 
O =———_ AASB 
è N ö 


(c) The first part of this reaction (saponification) has three mechanistic steps: 1) nucleophilic attack, 2) loss of a leaving 
group and 3) proton transfer. The first step (nucleophilic attack) requires two curved arrows, which show hydroxide 
functioning as a nucleophile and attacking the electrophilic carbonyl group, resulting in an anionic tetrahedral 
intermediate. In step two (loss of a leaving group), the carbonyl group is reformed with loss of an alkoxide ion, 
resulting in opening of the ring and formation of a carboxylic acid. In the third step (proton transfer), the tethered 
alkoxide ion serves as a base, deprotonating the carboxylic acid intermediate, resulting in the formation of a 
carboxylate ion. This third step (in which a strong base deprotonates the carboxylic acid) is the driving force of the 
reaction. Subsequent work-up with aqueous acid protonates the carboxylate ion, regenerating the carboxylic acid. 
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.© 
ia 
a Èh a OH H 
O = çl 
U y O 

fe) 

H OH 

OH 9 
fe) 


O 


© 
H 
\ 
oo H 
H 


E 


(0) 


(d) The mechanism shown below has six steps: 1) nucleophilic attack, 2) loss of a leaving group, 3) proton transfer, 4) 
nucleophilic attack, 5) loss of a leaving group and 6) proton transfer. Hydrazine (NH2NHÞ2) has two nucleophilic centers 
(each nitrogen atom has a lone pair), each of which can attack an acid chloride group. In the first step, hydrazine attacks 
one of the acid chloride groups to form a tetrahedral intermediate which subsequently expels a leaving group (chloride). 
Pyridine then functions as a base and removes a proton, giving an intermediate that bears no formal charges. 
Subsequent intramolecular nucleophilic attack by the second nitrogen atom on the second acid chloride group, followed 
by loss of chloride, results in an intermediate that is deprotonated to give the product. Once again, pyridine functions 
as the base for deprotonation. 


o o 
< 
| NS 
Z 
o o 4 
N 
yen y Ny 
@\|-H <_—____. — H 
“H c 
O ) O 
N 
| oS 
L 
o 
_H 
i 
N, 
H 
fe) 
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(e) The mechanism shown below has five steps: 1) nucleophilic attack, 2) loss of a leaving group, 3) nucleophilic 
attack, 4) proton transfer and 5) proton transfer. In the first step (nucleophilic attack), the anionic carbon atom of ethyl 
magnesium bromide serves as a nucleophile and attacks the electrophilic carbonyl group, resulting in a tetrahedral 
intermediate. In step two (loss of a leaving group), the carbonyl group is reformed with loss of an alkoxide ion, 
resulting in opening of the ring. In step three (nucleophilic attack) a second equivalent of ethyl magnesium bromide 
attacks the carbonyl group of the intermediate ketone, resulting in the formation of another tetrahedral intermediate. 
After the reaction is complete, a proton source (water) is introduced into the reaction flask, thereby protonating the 
dianion. Each anion is protonated separately, so two separate steps are required. 


ne ar 
:C—C— :0 
Z Z s l x 
H H © 


O — r GO — 


HO 


20.62. The three chlorine atoms withdraw electron density via induction. This effect renders the carbonyl group more 
electrophilic, and thus more reactive toward hydrolysis. 


20.63. When treated with aqueous acid, each of the C-O bonds (on either side of the carbonyl group) is expected to 
undergo cleavage via an acid-catalyzed nucleophilic acyl substitution reaction. This produces a diol, shown below: 


O H30* OH 
=o — + CO, 
heat 
O ea OH 
20.64. 


(a) When treated with aqueous acid, the ester group is hydrolyzed via a nucleophlic acyl substitution reaction in which 
water functions as a nucleophile, giving the active drug shown below. Note that the configuration of each chiral center 
is conserved, because the bonds to those chiral centers were not involved in the reaction. 


NH, H 
| 
N S 
T 
Ž 
of “oH 


(b) The active drug is ampicillin, as indicated in the Medically Speaking box. 
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20.65. Hydrolysis of the ester groups in Dexon™ results in cleavage of the bonds indicated by the arrows in the figure 
below. This results in the formation of glycolic acid. The IUPAC name is based on a parent carboxylic acid called 
acetic acid, with indication of an alcohol (hydroxy group) at C2. Since acetic acid only has one location that can bear a 
substituent, a locant is not required to indicate the position of the OH group. The IUPAC name is thus hydroxyacetic 


acid. 
T ee hydrolysis Ho 


O 


O O (glycolic acid) 


hydroxyacetic acid 


20.66. Each of the monomers bears two identical functional groups. The first monomer has two acid chloride groups, 
each of which can serve as an electrophile in the polymerization reaction. The second monomer has two OH groups, 
each of which can serve as a nucleophile. Reaction of the two monomers thus produces the polymer below via a series 
of nucleophilic acyl substitution reactions. The monomeric origins of each section of the polymer are highlighted 


below. 
O (©) 
ro Ne 
(©) (©) 


20.67. A retrosynthetic analysis of the polymer is shown below, where each of the bonds made during polymerization 
is indicated by an arrow. Each of these bonds can be made from a nucleophilic acyl substitution reaction between an 
amine and an acid chloride. Reaction of one monomer (bearing two electrophilic acid chloride groups) with the other 
monomer (bearing two nucleophilic amino groups) will produce the desired polymer. 


(0) O 


O O 
2 S 2 S , Oo 
ans .¢ a0 Ga: => Pee + HN Nt 


20.68. meta-Hydroxybenzoyl chloride (structure below) has a nucleophilic center (the OH group) as well as a strong 
electrophilic center (the acid chloride group) in a single molecule, thus making it susceptible to facile polymerization 
via the mechanism below. Each nucleophilic acyl substitution reaction has three steps: 1) nucleophilic attack, 2) loss of 
a leaving group and 3) proton transfer. In the first step (nucleophilic attack), the phenol oxygen atom of one molecule 
attacks the electrophilic carbonyl group on a second molecule resulting in the formation of a tetrahedral intermediate. A 
chloride leaving group is expelled in step 2 (loss of a leaving group), along with reformation of the carbonyl group. A 
proton transfer gives an intermediate that does not bear any formal charges. This intermediate (like the reactant) has a 
nucleophilic center (phenol oxygen atom) and a strong electrophilic center (the acid chloride group), thus allowing 
further reactions via an analogous pathway to produce a polymer. 


SC) Cl 


Ane i ( 
HO HO a HO ` o5 
Cl 
€o o 
Cl H 
O 0 O 
HO 7 cl :CI: HO m cI 
Polymer <— «— «— rab ;® 
fe) 
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120.69. 

(a) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 
steps (a-c) follows. 


a. The desired cyclic acetal can be made from the 
corresponding ketone (via acetal formation). 

b. The ketone can be made from benzoyl chloride, 
upon treatment with lithium diethyl cuprate. 

c. The acid halide can be prepared from benzoic acid. 


Now let’s draw the forward scheme. Benzoic acid is 
converted to benzoyl chloride upon treatment with 
thionyl chloride. Subsequent reaction with lithium 
diethyl cuprate installs an ethyl group, giving a ketone. 
An acid-catalyzed reaction with ethylene glycol (with 
removal of water) produces the desired cyclic acetal. 


o TE 


1) SOCI2 o O 
OH 2) EtgCuLi 


— > 
3) HOCHsCHOH, 
[H*], -H20 
HOCH2CH2OH, 
SOCI, [H*], -H20 
O O 
Cl Et,CuLi 
— > 


(b) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 
steps (a-d) follows. 


o 
SX 
N~ e H 
=> + CH3NH> 
b 

o o 

OH c CI 
(— 
\ 
o 


a. The desired imine can be made from the 
corresponding aldehyde. 

b. The aldehyde can be made from the corresponding 
acid chloride, upon treatment with LiAl(OR)3H, 
followed by water work-up. 

c. The acid chloride can be prepared from the 
corresponding carboxylic acid, upon treatment with 
thionyl chloride. 

d. The carboxylic acid can be made via hydrolysis of 
the starting amide. 


Now let’s draw the forward scheme. Acid catalyzed 
hydrolysis of the amide gives a carboxylic acid which is 
then converted to the acid chloride upon treatment with 
thionyl chloride. Reaction with a lithium 
trialkoxyaluminum hydride, followed by water, produces 
the aldehyde. Subsequent treatment of the aldehyde with 
methylamine under acid-catalyzed conditions (with 
removal of water) gives the desired imine. 


O 
1) H30*, heat 


Ww 
NH,  2)SOCly N~ 
rr 
3) LIAIOR)3H 


4) H2O 
H,0* 5) [H°], [H*, 
hesi CHaNH2, -H2O | CuANH,, -H20 
O (@) 


g~ 


SOCh 


O 
CI 1) LiAKOR)3H 


2) H2O 


(c) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 
steps (a-d) follows. 
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a. The desired amide can be made from the 
corresponding acid halide upon treatment with 
excess dimethylamine. 


b. The acid halide can be made from the 
corresponding carboxylic acid, upon treatment with 
thionyl chloride. 

c. The carboxylic acid can be prepared via hydrolysis 
of an ester. 


d. The ester can be made from the starting ketone via a 
Baeyer-Villiger oxidation. 


Now let’s draw the forward scheme. Baeyer-Villiger 
oxidation of the starting ketone achieves the insertion of 
an oxygen atom between the carbonyl group and the 
more substituted alkyl group, thereby giving an ester. 
Acid-catalyzed hydrolysis of the ester gives butyric acid, 
which is then converted to the acid chloride upon 
treatment with thionyl chloride. The acid chloride is then 
converted into the desired product upon treatment with 
excess dimethyl amine (via a nucleophilic acyl 
substitution reaction). 


A 
| RCO3H XS (CH3)2NH 
oO 


po en ee, 


. o 
H30 A a SOCly 
HO 


(d) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 
steps (a-d) follows. 


1) RCO3H 

2) H30* 

3) SOCI 

4) xs (CH3)2NH 


(0) 
aes 
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~A 


H 

vs 
a Pee 

o Va 

PP an 


a. The cyclic thioacetal can be made from the 
corresponding aldehyde. 

b. The aldehyde can be made from the corresponding 
acid halide, upon treatment with LiAl(OR)3H, 
followed by water work-up. 

c. The acid halide can be made from the 
corresponding carboxylic acid, upon treatment with 
thionyl chloride. 

d. The carboxylic acid can be made from the starting 
ester via hydrolysis. 


Now let’s draw the forward scheme. The ester 
undergoes hydrolysis upon treatment with aqueous acid, 
giving butyric acid, which is subsequently converted to 
an acid chloride upon treatment with thionyl chloride. 
Reaction with a lithium trialkoxyaluminum hydride 
produces an aldehyde, which is then converted into the 
desired cyclic thioacetal. 


F 1) H30* Ss. S 
AA : 

rr 

OMe 2) SOCI, Po 
3) LIAKOR)3H 

HSCH2CH2SH, 
H;0* 4) HSCH2CH2SH, [H*], -H20 
[H*], -H20 


(e) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 


steps (a-c) follows. 
O a 
OIS X 
O 
\ 


O 
H 

O o O 

Taa 

OH CI 


1) LIA{OR)};H 
2) H20 
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a. The cyclic acetal can be made from the 
corresponding aldehyde (benzaldehyde) via acetal 
formation. 

b. Benzaldehyde can be made from the corresponding 
acid halide (benzoyl chloride). 

c. Benzoyl chloride can be made from benzoic acid. 


Now let’s draw the forward scheme. Benzoic acid is 
converted to benzoyl chloride upon treatment with 
thionyl chloride. Benzoyl chloride is then converted into 
an aldehyde upon treatment with a lithium 
trialkoxyaluminum hydride. The aldehyde is then treated 
with ethylene glycol under acid-catalyzed conditions 
(with removal of water), giving the desired cyclic acetal. 


O 1) _1)80Ch al 
‘OH ANORA LiAKOR)3H 
3) HOCH2CH2OH, 
SOCl2 [H*], -H20 HOCH2CH2OH, 
[H*], -H2O 


Of w Of 
oy 2) H2O bs 


(f) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 
steps (a-c) follows. 


; X 
TY aa 
oveor 


a. The carboxylic acid can be made from an ester, via 
hydrolysis. 

b. The ester can be made from a ketone via a Baeyer- 
Villiger oxidation. 

c. The ketone can be made from the starting material 
via oxidation of the starting alcohol. 


Now let’s draw the forward scheme. Oxidation of a 
secondary alcohol gives a ketone, which is then 
converted into an ester via a Baeyer-Villiger oxidation 
(this process inserts an oxygen atom between the 
carbonyl group and the more substituted alkyl group). 
Finally, acid-catalyzed hydrolysis of the ester gives the 
desired carboxylic acid. 


1 ) Na2Cr207, 


OH 
H2504, H20 
— r 
OH 2) RCO3H o 


3) H30* 
Na2Cr207, 4 
H2SO4, H2O H30 
$ d 
RCO3H 
— 
O O 


(g) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of both steps 


follows. 
O a OH 
K => + O= 
oO OH 
b 
Ome 


(0) 


a. The product is a cyclic acetal, which can be made 
from a diol and a ketone (via acetal formation). 

b. The diol can be made from the starting material via 
reduction with excess LiA1H4. 


Now let’s draw the forward scheme. Reduction of the 
cyclic ester (lactone) with excess LiAlHa, followed by 
water work-up, causes the ring to open, giving 1,4- 
butanediol. This diol can then be treated with acetone 
under acid-catalyzed conditions (with removal of water) 


to give the desired cyclic acetal. 
ee XK 
2 aL 
J 
[H*], -H20 


1) excess LiAIH, 
eOr “. 


[H"], -H20 


1) xs LiAIH, 
2) H2O 


NNO 
HO 


20.70. There are certainly many acceptable solutions to 
this problem. One such solution derives from the 
following retrosynthetic analysis. An explanation of 
each of the steps (a-d) follows. 
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OH 
(®) @) 
ASL 

b 


OH 
a 
=> + 
NH2 


CI 


OH 


CI ZL 
d ( f 
, NO 
| 
NO2 
a. The product can be made via acetylation of para- 
aminophenol. 
b. para-Aminophenol can be made from para- 
nitrophenol via reduction of the nitro group. 
c. para-Nitrophenol can be made from para- 
chloronitrobenzene via an SnAr process. 
d. para-Chloronitrobenzene can be made via the 
nitration of chlorobenzene. 


e. Chlorobenzene can be made 
chlorination of the aromatic ring. 


from benzene via 


Now let’s draw the forward scheme. Benzene is 
converted into chlorobenzene via an electrophilic 
aromatic substitution (upon treatment with Clo and 
AlCl). The chlorine substituent is an ortho-para 
director, thus allowing subsequent nitration to install a 
nitro group in the para position. This intermediate 
exhibits a leaving group (chloride) that is para to a 
strong electron withdrawing group (nitro), so this 
compound is susceptible to nucleophilic aromatic 
substitution upon treatment with hydroxide, to produce 
para-nitrophenol (after acid work-up). Subsequent 


20.71. 
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reduction of the nitro group with zinc and HCl gives 
para-aminophenol. Exposure to one molar equivalent of 
acetic anhydride produces the desired product, 
acetominophen. Note that the nitrogen atom of para- 
aminophenol is a stronger nucleophile than the oxygen 
atom, thus allowing the appropriate selectivity for 
production of the desired product. 


Q 


1) Ch, AICI 
2) HNO3, H2SO4 
3) NaOH 

4) H,0* 

5) HCI, Zn 

So o 


aa 


OH 


ING O 
wo 


Ch, AICI; a & 
Pues 
cl on 
NH 
Cl £ 
HNO», 1) NaOH 
H»SO, 2) H30* 
3) HCI, Zn 
NO, 


(a) There are certainly many acceptable solutions to this problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the steps (a-f) follows. 


OH a 


ws i 
Poe 


b 
ogee O Aer 


\ 


e O f 
AS 3 I => CH;CN 
OH 


a. The desired alcohol can be made from a Grignard reaction between acetaldehyde and ethyl magnesium bromide. 
b. Ethyl magnesium bromide is made from ethyl bromide, by insertion of magnesium. 
c. Ethyl bromide can be made from ethanol upon treatment with PBrs. 
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d. Acetaldehyde can be made from ethanol via oxidation with PCC. 
e. Ethanol can be made via reduction of acetic acid. 
f. Acetic acid can be made via hydrolysis of acetonitrile. 


Now let’s draw the forward scheme. Hydrolysis of acetonitrile gives acetic acid which is subsequently reduced to 
ethanol upon treatment with excess LiAIHs, followed by water work-up. Upon treatment with PBr3, ethanol is 
converted to ethyl bromide which is then converted to ethyl magnesium bromide (a Grignard reagent). A Grignard 
reaction with acetaldehyde (produced by PCC oxidation of ethanol, as shown), followed by water work-up, produces 
the desired alcohol, 2-butanol. 


PCC 
H30* o 1) xs LIAIH4 PBr3 
CH3CN -7 — — = 
OH  2)H20 MoH ~™Br 
1) Mg 
(0) 
2) ok 
H 
3) H20 
OH 


(b) There are certainly many acceptable solutions to this problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the steps (a-g) follows. 


BrMmg œN 
in ae = + iS 
OH Ar” 2 a” — -x = 5 wos + č 
MgB 
O o = n 


||- 


h O g f 
CH3CN <— ps S Ao S Ar 
OH 


a. The desired alcohol can be made from a Grignard reaction between propanal and ethyl magnesium bromide 
(formed in step d). 

Propanal can be made from 1-propanol, upon treatment with PCC. 

1-Propanol can be made from propanoic acid, upon treatment with excess LiAIH4, followed by water work-up. 
Propanoic acid can be made from a reaction between ethyl magnesium bromide and carbon dioxide. 

Ethyl magnesium bromide is made from ethyl bromide, by insertion of magnesium. 

Ethyl bromide can be made from ethanol upon treatment with PBrs. 

Ethanol can be made via reduction of acetic acid. 

Acetic acid can be made via hydrolysis of acetonitrile. 


Po WHA S 


Now let’s draw the forward scheme. Hydrolysis of acetonitrile gives acetic acid which is subsequently reduced to 
ethanol upon treatment with excess LiAlHs, followed by water work-up. Upon treatment with PBr3, ethanol is 
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converted to ethyl bromide which is then converted to ethyl magnesium bromide (a Grignard reagent). A Grignard 
reaction with carbon dioxide, followed by protonation with H30*, gives propanoic acid. This acid is converted into 
propanal via reduction (with excess LiAIH4) followed by oxidation with PCC. Reaction with ethyl magnesium bromide 
(prepared as described above), followed by water work-up, gives the desired alcohol, 3-pentanol. 


H30* 1) xs LiAIH, PBr3 
CH3CN — — N — N 
heat OH 2) H2O OH Br 
1) Mg 
Mg 2) CO, 
3) H,0* 
1) EtMgBr H 1) xs LiAIH, OH 
4 +t —_ 
a ie Sr Di eo ee 
OH O 3) PCC O 


(c) The desired product can be made from the product of 20.71 (a) in just two steps. Therefore, we would first perform 
the synthesis described in the solution to 20.71 (a), followed by these two reactions: 


OH O H 
w NazCr207 we 1) EtMgBr o 
r — 
H2504, H20 2) HzO ea 
(d) There are certainly many acceptable solutions to this problem. One such solution derives from the following 


retrosynthetic analysis. An explanation of each of the steps (a-g) follows. 


OH O (eq) 


4 D 
I 
) 
Q 
[e 
+ 
=0=0 


(@) 


O g 
=>> CH3CN 
OH 


e f 
Aer => Aoun => 


a. The desired alcohol can be made from a Grignard reaction between propanoyl chloride and two equivalents of 
ethyl magnesium bromide (formed in step d). 

Propanoyl chloride can be made from propanoic acid, upon treatment with thionyl chloride. 

Propanoic acid can be made from a reaction between ethyl magnesium bromide and carbon dioxide. 

Ethyl magnesium bromide is made from ethyl bromide, by insertion of magnesium. 

Ethyl bromide can be made from ethanol upon treatment with PBr3. 

Ethanol can be made via reduction of acetic acid. 

Acetic acid can be made via hydrolysis of acetonitrile. 


QAR AOS 
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Now let’s draw the forward scheme. Hydrolysis of acetonitrile gives acetic acid which is subsequently reduced to 
ethanol upon treatment with excess LiAIHs, followed by water work-up. Upon treatment with PBr3, ethanol is 
converted to ethyl bromide which is then converted to ethyl magnesium bromide (a Grignard reagent). A Grignard 
reaction with carbon dioxide followed by protonation with H3O* gives propanoic acid. Conversion to the acid chloride, 
followed by reaction with excess ethyl magnesium bromide (prepared as described above) produces the desired tertiary 
alcohol, 3-ethyl-3-pentanol. 


H30* Ti 1) xs LIAIH4 PBr3 
CH;CN ———————> a cae Pk A 
heat OH 2) H20 ~~OoOH NBr 
1) Mg 
Mg 
2) CO, 
3) H30* 
1) xs EtMgBr CI SOCI? OH 
< 
2) H2O A 
OH O O 


20.72. The mechanism shown below has 12 steps: 1) proton transfer, 2) loss of a leaving group, 3) nucleophilic attack, 
4) proton transfer, 5) proton transfer, 6) loss of a leaving group, 7) proton transfer, 8) nucleophilic attack, 9) proton 
transfer, 10) proton transfer, 11) loss of a leaving group and 12) proton transfer. In step 1 (proton transfer), one of the 
acetal oxygen atoms is protonated by H30, activating it as a leaving group (either oxygen atom can be protonated, 
which will ultimately lead to the same product). In step 2, an alcohol group leaves as a leaving group. Water then 
attacks the activated carbonyl group in step 3 (nucleophilic attack). In step 4 (proton transfer), water deprotonates the 
cationic oxygen atom, and in step 5 (proton transfer), the other oxygen atom in the hemiacetal is protonated by H30*, 
producing a cationic intermediate. In step 6, an alcohol serves as a leaving group. Protonation of the carbonyl group 
(step 7, proton transfer) activates this carbonyl group for intramolecular attack by one of the tethered alcohol groups 
(step 8, nucleophilic attack), thus forming a ring (a five-membered ring is more likely formed than a more strained, 
four-membered ring). Deprotonation by water (step 9, proton transfer) followed by protonation by H30* (step 10, 
proton transfer) produces a cationic intermediate with an activated leaving group (water). In step 11, water serves as a 
leaving group. In step 12 (proton transfer), water serves as a weak base to deprotonate the cationic oxygen atom, 
resulting in the formation of the final product (a lactone). 
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H H 
H H ya 
HS @!l 3} A ae 
Hood a OSH HO: OH 
H 
O e—— O O 
HO HO HO 
HOH 
O 
i 
HO 


20.73. The carboxylic acid has a molecular formula of 
CsH1202. Thionyl chloride replaces the OH group on the 
carboxylic acid with a chlorine atom, thus the molecular 
formula of the resulting acid chloride is CsHiClO. 
Considering the possible acid chloride isomers with this 
molecular formula, only one (compound A) gives a 
single signal in its !H NMR spectrum 


oO 


shh 


Compound A 


When compound A is treated with excess ammonia, a 
nucleophilic acyl substitution reaction occurs, producing 
the amide shown. 


O oO 


shh. 


20.74. The molecular formula (C1oH1004) indicates six 
degrees of unsaturation (see Section 14.16), which is 
highly suggestive of an aromatic ring (which accounts 
for four degrees of unsaturation) plus two more degrees 
of unsaturation (either two rings, or two double bonds, or 
a ring and a double bond, or a triple bond). 


NH2 
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There are two signals (both singlets) in the 'H NMR 
spectrum, with integration values of 3H (4.0 ppm) and 
2H (8.1 ppm). There are a total of 10 hydrogen atoms in 
the molecule, so the ratio of the integration values (3:2) 
must represent a 6H:4H ratio of the hydrogen atoms in 
the molecule (6H + 4H = 10H total). This indicates a 
high degree of symmetry in the structure. 

The signal at 8.1 ppm (with an integration of 4H) is 
consistent with the chemical shift expected for aromatic 
protons. The integration (4H) indicates a disubstituted 
ring, and the multiplicity of this signal (it is a singlet) 
suggests a para-disubstituted aromatic ring with two 
equivalent substituents, thereby rendering all four 
aromatic protons equivalent (thus giving rise to a 


singlet): 
TOn 


The signal at 4.0 ppm (with an integration of 6H) is 
consistent with two identical methyl groups, each of 
which must be next to an oxygen atom to justify the 
downfield shift of the signal: 


MeO -$ 3 OMe 


The two methoxy fragments and the aromatic ring 
account for all of the atoms in the molecular formula 
except for two carbon atoms and two oxygen atoms. 
Since we still need to account for two more degrees of 
unsaturation, and since the proposed structure must 
retain its high degree of symmetry, we propose the 
following structure: 


O Š oO 
20.75. An IR spectrum of butyric acid should have a 
broad signal between 2200 and 3600 cm"! due to the O-H 


stretch of the carboxylic acid. An IR spectrum of ethyl 
acetate will not have this signal. 


20.76. The 'H NMR © spectrum of para- 
chlorobenzaldehyde should have a signal at 
approximately 10 ppm corresponding to the aldehydic 
proton. The 'H NMR spectrum of benzoyl chloride 
should not have a signal near 10 ppm. 


20.77. The molecular formula (CsHsO3) indicates five 
degrees of unsaturation (see Section 14.16), which is 
highly suggestive of an aromatic ring (which accounts 
for four degrees of unsaturation) plus either one ring or 
one double bond. 

The broad signal between 2200 cm! and 3600 cm?! in 
the IR spectrum is consistent with the O-H stretch of a 
carboxylic acid. 


O-H 


The 'H NMR spectrum exhibits a signal at 
approximately 12 ppm, confirming the presence of a 
carboxylic acid group. The pair of doublets (with a 
combined integration of 4H) appearing between 7 and 8 
ppm is characteristic of a para-disubstituted aromatic 
ring (with two different substituents): 


The singlet near 4 ppm has an integration of 3H, 
indicating a methyl group. The downfield chemical shift 


of this signal indicates that the methyl group is likely 
attached to an oxygen atom: 


Meo—8 


There is only one way to connect the three fragments: 


O 
OH 


The '3C NMR spectrum is consistent with this structure. 
The most downfield signal (172.8 ppm) is consistent 
with the carbonyl group. A disubstituted aromatic ring 
(bearing two different substituents) is expected to 
produce four signals between 100 and 150 ppm. We do 
in fact see four signals, although one of them is above 
150 ppm, which likely corresponds with the carbon atom 
connected to the methoxy group (an oxygen atom is 
electron-withdrawing, causing a deshielding effect). 
Finally, the signal between 50 and 100 ppm is consistent 
with the carbon atom of the methoxy group (an sp? 
hybridized carbon atom attached to an electronegative 
atom). 


20.78. The mechanism shown below has 6 steps: 1) proton transfer, 2) nucleophilic attack, 3) proton transfer, 4) proton 
transfer, 5) loss of a leaving group and 6) proton transfer. In step 1 (proton transfer), the carbonyl group is protonated 
by H30*, activating it as an electrophile. In step 2 (nucleophilic attack), the tethered alcohol group serves as a 
nucleophile in an intramolecular nucleophilic attack. In step 3 (proton transfer), water deprotonates the oxonium ion, 
and in step 4 (proton transfer), a different oxygen atom is protonated by H30*, activating it as a leaving group. In step 5 
(loss of a leaving group), an alcohol serves as a leaving group. Deprotonation (step 6) gives the final, rearranged 


product. 


If the oxygen atom of the OH group in the starting material is an isotopic label (as indicated by the 


highlighted boxes), then we would expect the label to be incorporated into the ring of the product, as shown. 
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20.79. The lone pair of the nitrogen atom (of the amide group) is participating in aromaticity and is therefore 
unavailable to donate electron density into the carbonyl group. As a result, the carbonyl group is more electrophilic 
than the carbonyl group of a regular amide (where the lone pair contributes significant electron density to the carbonyl 
group via resonance). Also, when this compound functions as an electrophile in a nucleophilic acyl substitution 
reaction, the leaving group is particularly stable because it is an aromatic anion in which the negative charge is spread 
over all five atoms of the aromatic ring. With such a good leaving group, this compound more closely resembles the 
reactivity of an acid halide than an amide. 


20.80. 

(a) DMF, like most amides, exhibits restricted rotation about the bond between the carbonyl group and the nitrogen 
atom, due to the significant contribution of the resonance form with a C=N double bond. This restricted rotation causes 
the methyl groups to be in different electronic environments. They are not chemically equivalent, and will therefore 
produce two different signals (in addition to the signal from the other proton in the compound). Upon treatment with 
excess LiAlHa, followed by water work-up, DMF is reduced to an amine: 


(0) 
A ah 1) LIAIH4 > HaC, -0r 


| 2) H20 | 
CH3 


This amine does not exhibit restricted rotation. As such, all of the methyl groups are now chemically equivalent and 
will together produce only one signal. 

(b) Restricted rotation causes the methyl groups to be in different electronic environments. As a result, the BC NMR 
spectrum of DMF should have three signals. 


20.81. The first step of the synthesis involves deprotonation of the alcohol group in compound 1 using NaH, 
generating an alkoxide ion. This alkoxide ion is then treated with the chiral 2-bromo ethyl ester, to give an Sn2 
reaction (note the inversion of configuration of the chiral center bearing the methyl group). Reduction of the ester with 
DIBAH a an aldehyde, which is transformed into the terminal olefin a 2) using a Wittig reaction. 


Phe OL ww Ph RS 
NaH, then y DIBAH ae CH3 i 
cCoEt ~> 


02E 2 
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20.82. Notice that the product has one more carbon atom than the starting material, and therefore, we must introduce a 
carbon atom. This can be accomplished by first installing a leaving group at one of the benzylic positions, followed by 
an Sn2 process in which the leaving group is replaced with cyanide. Acid-catalyzed hydrolysis of the resulting nitrile 
affords the desired carboxylic acid. This route is preferable to the formation of a Grignard reagent followed by 
condensation with COz, as there are two bromine atoms in the molecule. 


CH3 CH3 CH3 CH3 
NBS NaCN H30* 
— — > — 
heat heat 
Br CH3 Br Br Br 
Br CN 


COH 


20.83. A possible synthesis is shown below. When analyzing the starting material, 1, and the product, 2, it can be seen 
that the alcohol is transformed into an ether and that the ester is converted to a different ester. So first determine a 
method to make an ether; the Williamson ether synthesis (base + RX) is a convenient method for ether formation. 

For the conversion of the ester to a different ester, notice that the carbonyl carbon of ester 1 is still part of the 
side chain, but it is now a methylene (CH2) and therefore the ester must be reduced at some point (LiA1H4 is known to 
reduce esters). Reduction of the ester affords a 1° alcohol, which can then be converted to the new ester: 


o 
SSS — 
R 
R OCH;  2)H20 pA RN er oR 


Conversion of the alcohol into the ester could be achieved either via an acid-catalyzed Fischer esterification 
(ROH + RCOzH) or the via addition of an alcohol to an acid chloride (ROH + RCOCI). The latter method is preferable, 
because acidic conditions (employed by the first method) could produce undesired side reactions with other functional 
groups present. 

Finally, the order of addition of these reagents is important so that you don’t get an undesired product. See 
the correct order below, which shows the formation of ether 3 first (Williamson ether synthesis), followed by reduction 
of the ester to give alcohol 4, and finally, conversion of alcohol 4 to the desired ester 2 using the corresponding acid 
chloride. 


o, O Williamson Ether 
OH “^, ; 
z Synthesis 
° H 
OCHS 4) NaH, THF 
Se 
2) Pag 
Haco™™ l) "OCH; 
1 
1) LIAIH4 
2) H2O 
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20.84. 

The desired transformation can be achieved via reduction of the carboxylic acid, followed by substitution. Direct 
conversion of the resultant alcohol may be accomplished using PBrs, or one can utilize a two-step method involving: 
1) tosylate formation using TsCl and pyridine followed by, 2) Sn2 displacement using sodium bromide in DMSO: 


OH Br 
l PB 
1) xs LIAIH4 OSiMest-Bu "3 OSiMest-Bu 
2) H20 A 
fe) Na O x 
N ; | : 
SiMe3 SiMe3 
o~ om or. 
TsCl NaBr 
pyridine DMSO 


20.85. 
(a) Compound 1 is a nitrile (it contains a cyano group), which can undergo hydrolysis under these reaction conditions. 
This gives rise to three possible products, only one of which is the desired product: 


F 
F pug cr OH Desired Sy2 Product 
Br H20 NC 
3 
NC 
1 


N: 
A F F 
fo 


Br + OH 


oO (0) 
4 5 
Undesired Nitrile Hydrolysis Undesired Nitrile Hydrolysis and Sy2 
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(b) A possible mechanism for the reaction sequence is shown here. The conversion of compound 1 to compound 2 is 
an Sn2 displacement of the bromide with acetate (CH3COz ). The reaction of the ester with NaOMe/MeOH is expected 
to proceed via a mechanism in which methoxide (CH3O ) attacks the carbonyl carbon of the ester (just as hydroxide 
would during hydrolysis). This generates a tetrahedral intermediate that collapses back down to give a new ester and 
alkoxide, which is protonated by the solvent to give the desired alcohol, compound 3. 


© 
Na 
O F O © F . Q 
29 R u A 
OAA m 
Br K :0 o :OMe o 
G 9 ee J 
NC (Sn2) NC MeOH NC 
1 2 


(tetrahedral intermediate) 


NC NC 


20.86. Note that methyl benzoate is the reference compound among the series of compounds examined. So, benzoates 
with rate constants larger in value than 1.7 M-'min'! are more reactive while those with lower values are less reactive 
than the reference compound. The aromatic ring of methyl p-nitrobenzoate is considerably lower in electron density 
due to resonance interaction between the nitro group and the ring. However, in one of the resonance forms (structure A 
below), the electron deficient carbon atom of the ring is adjacent to the carbonyl carbon atom. Thus, the electrophilicity 
at the carbonyl functional group is the largest, making its reactivity towards nucleophilic attack by hydroxide anion the 
largest in this compound. 


O O 
OCH; OCH; 
*) 
O—N —N 
o oxy & @ \ 
O 
© 


While the aromatic ring of methyl m-nitrobenzoate is also expected to be just as deficient in electron density as that of 
the para isomer, the positive charge on the ring never occupies the carbon atom adjacent to the carbonyl carbon atom 
(structure B). So, the electron deficiency (electrophilicity) at the carbonyl carbon atom is not as large as that of the para 
isomer. Thus, the reaction rate is not as large as that of the para isomer. 


o o 
9 
C ‘OCH3 OCH; 
o O—N 
O OW iS) 
9 a, 
© 
E £ 
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The main electronic interaction between the halogen atoms and the aromatic ring is induction by which both chlorine 
and bromine are expected to withdraw electron density from the ring. Since chlorine is more electronegative than 
bromine, the m-chloropheny] ring is more electron deficient than the m-bromopheny] ring, and thus more reactive. 


The remaining three benzoates are less reactive than the reference compound. This suggests that the substituents found 
in these compounds are all electron-donating so as to increase the electron density at the carbonyl group. The increased 
electron density lowers the electrophilicity at the carbonyl group and thus lowers their reactivity towards hydroxide ion. 
The methyl group is only weakly electron-donating, so it raises the electron density the least. According to 
electronegativity trends, since a nitrogen atom is more electron-donating than oxygen, the amino group is the best 
electron donor via resonance and thus lowers the reactivity of the carbonyl carbon the most (structure C). 


© 
o 
aa co 
HoN:S HN 
) 


Cc 


In this problem, we see that the influence of the resonance effects dominates those of induction. We also learn that the 
precise resonance forms involved can make a difference in the overall reactivity (p- vs m-nitrobenzoates). 


20.87. An ester will react with two equivalents of lithium aluminum hydride to give a diol, so we can rule out options 
(a) and (b). Between the remaining two options, (c) has the correct skeleton, which we can see more easily if we assign 
numbers to the skeleton, and then track the location of the methyl groups: 


2 
Abe Denam Ao 
a pao ` 


20.88. A Fischer esterification requires a carboxylic acid and an alcohol, so we can rule out options (a) and (c). 
Additionally, (b) has too many carbon atoms (3+5=8); the product has only seven carbon atoms. The correct answer is 


(d): 
R re) 
i oL m sl 


20.89. Option (d) is the correct answer because a negatively charged nitrogen atom is too strongly basic to be formed 
in acidic conditions. The other three structures (a-c) are all intermediates in the expected mechanism for amide 
hydrolysis. 


20.90. Compound 1 is a ketone, so treatment with a peroxy acid will give the corresponding lactone (cyclic ester). 
Notice that the oxygen atom is inserted between the carbonyl group and the bridgehead position (because that position 
is more substituted than the other side of the carbonyl group). Hydrolysis of the lactone gives compound 3. In Corey’s 
synthesis, this hydrolysis step was performed under basic conditions (saponification), and under those conditions, the 
product (compound 3) would be deprotonated to give a carboxylate ion. Acid workup is necessary in order to protonate 
the carboxylate ion and regenerate the carboxylic acid (compound 3). 


HO oO 
MeO MeO MeO f 
RCO3H 1) NaOH i 
— —_—_____» = 
/ / 2) H30* / 2 on 
o Xo 3 S 
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20.91. The first step of the synthesis involves deprotonation of the carboxylic acid with sodium hydride, followed by 
intramolecular esterification of 2 via loss of the mesylate group, giving 3. Note that the newly formed ring is on the 
bottom face of the molecule. Next, protonation of the ester with aqueous acid will generate an activated carbonyl (4) 
that spontaneously leaves as a neutral carboxylic acid, generating a secondary carbocation (5). Next, a 1,2-carbon 
migration occurs so that the four-membered ring opens and the pair of electrons in the C-C o-bond moves over one 
carbon to satisfy the carbocation, which in turn will generate a new, tertiary carbocation (6). In the next step, the 
carboxylic acid will form a new C-O bond with the carbocation, on the bottom face of the molecule, to generate a 
resonance-stabilized intermediate (7). In the final step of the mechanism, 7 is deprotonated to produce the desired ring 
system (8). 


H 
No 
OMs “eo COMs sn 
— > 
ò 
NH as 
K O 07 “Sin nw 


20.92. Deprotonation of alcohol 1 with sodium hydride will produce an alkoxide (3) that can easily react at the lactone 
carbonyl to form intermediate 4 (note: the bond angles in 4 have been exaggerated). Once formed, the unstable 
tetrahedral intermediate quickly decomposes to generate a new 5-membered lactone via the expulsion of an alkoxide 
leaving group. While it may be difficult to see in its current form, intermediate 5 can be redrawn as 5a, which clearly 
shows the desired fused 5,5-ring system of the product with the proper stereochemistry at the ring junction. In the final 
step, the alkoxide in 5a reacts at the carbon-bromine bond in an Sn2 fashion to produce epoxide 2. 


Oime H 
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20.93. In the first step, methoxide attacks the lactone carbonyl to produce tetrahedral intermediate 2. In the second 
step, the carbonyl is reformed via the loss of a leaving group, which in this case is the oxygen atom that was part of the 
6-membered ring, leading to alkoxide 3. Alpha to this newly formed alkoxide is an epoxide; generation of a new 
carbonyl via alkoxide opening of the epoxide will produce aldehyde 4. Finally, the alkoxide that was generated from 
the epoxide opening can now attack the ester carbonyl to form tetrahedral intermediate 5, which quickly loses 
methoxide to form lactone 6. 
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Chapter 21 
Alpha Carbon Chemistry: Enols and Enolates 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of Chapter 21. Each 
of the sentences below appears verbatim in the section entitled Review of Concepts and Vocabulary. 


e Inthe presence of catalytic acid or base, a ketone will exist in equilibrium with an . In general, the 
equilibrium will significantly favor the : 

e When treated with a strong base, the a position of a ketone is deprotonated to give an 

° or will irreversibly and completely convert an aldehyde or ketone into an 
enolate. 

e Inthe haloform reaction, a ketone is converted into a carboxylic acid upon treatment with excess 
base and excess halogen followed by acid workup. 

e When an aldehyde is treated with sodium hydroxide, an aldol addition reaction occurs, and the product is a 


e For most simple aldehydes, the position of equilibrium favors the aldol product. For most ketones, the 


reverse process, called a -aldol reaction is favored. 

e When an aldehyde is heated in aqueous sodium hydroxide, an aldol reaction occurs, and the 
product is an . Elimination of water occurs via an mechanism. 

e Crossed aldol, or mixed aldol reactions are aldol reactions that occur between different partners and are 
only efficient if one partner lacks or if a directed aldol addition is performed. 

e Intramolecular aldol reactions show a preference for formation of and___-membered rings. 


e When an ester is treated with an alkoxide base, a Claisen condensation reaction occurs, and the product is a 


e Thea position of a ketone can be alkylated by forming an enolate and treating it with an 


e For unsymmetrical ketones, reactions with at low temperature favor formation of the kinetic enolate, 
while reactions with at room temperature favor the thermodynamic enolate. 

e = When LDA is used with an unsymmetrical ketone, alkylation occurs at the position. 

e The synthesis enables the conversion of an alkyl halide into a carboxylic acid 
with the introduction of two new carbon atoms. 

e The synthesis enables the conversion of an alkyl halide into a methyl ketone with 
the introduction of two new carbon atoms. 

e Aldehydes and ketones that possess -unsaturation are susceptible to nucleophilic attack at the B 
position. This reaction is called a addition, or /,4-addition, or a Michael reaction. 


Review of Skills 


Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 
the end of Chapter 21. The answers appear in the section entitled Skil/Builder Review. 


21.1 Drawing Enolates 


DRAW THE RESONANCE STRUCTURES OF THE ENOLATE THAT IS FORMED WHEN THE KETONE BELOW IS TREATED WITH 
A STRONG BASE: 
O 


(S) 
:Base 
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21.2 Predicting the Products of an Aldol Addition Reaction 


PREDICT THE PRODUCT OF THE ALDOL ADDITION REACTION THAT OCCURS WHEN THE 
FOLLOWING ALDEHYDE IS TREATED WITH SODIUM HYDROXIDE: 


O NaOH 


21.3 Drawing the Product of an Aldol Condensation 


DRAW THE PRODUCT OF THE ALDOL CONDENSATION REACTION THAT OCCURS WHEN THE 
FOLLOWING COMPOUND IS HEATED WITH SODIUM HYDROXIDE: 


O 


or NaOH, heat 


21.4 Identifying the Reagents Necessary for a Crossed Aldol Reaction 


IDENTIFY REAGENTS THAT WILL ACHIEVE THE FOLLOWING TRANSFORMATION: 
1) O OH 
O QL 
eed g 
2) 
3) 
21.5 Using the Malonic Ester Synthesis 
IDENTIFY REAGENTS THAT WILL ACHIEVE THE FOLLOWING TRANSFORMATION: 
te 
0 9 COH 
A A j 
EtO OEt 2) ) 
ot) 
i 
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21.6 Using the Acetoacetic Ester Synthesis 


o o 1) 


IDENTIFY REAGENTS THAT WILL ACHIEVE THE FOLLOWING TRANSFORMATION: 


(0) 


OEt 
2) 


3) 


5) 


= 
— 
eS 

4) 
C 


21.7 Determining When to Use a Stork Enamine Synthesis 


IDENTIFY REAGENTS THAT WILL ACHIEVE THE FOLLOWING TRANSFORMATION: 
— 
1 
o ) 
2) 
m 
3) 
— 


-aAa 


21.8 Determining which Addition or Condensation Reaction to Use 


PREDICT THE MAJOR PRODUCT OF EACH REACTION BELOW: 


1,5-DIFUNCTIONALIZED COMPOUNDS 


STORK ENAMINE SYNTHESIS 


o 1) R2NH , [H] 


1,3-DIFUNCTIONALIZED COMPOUNDS 
ALDOL ADDITION 
O NaOH 
an H2O 
CLAISEN CONDENSATION 
O 1) NaOEt 
— o 
EtO 2) H30* 


21.9 Alkylating the a and ß Positions 


(0) 


IDENTIFY REAGENTS THAT WILL ACHIEVE THE FOLLOWING TRANSFORMATION: 


— 
x 


oO 
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Review of Reactions 
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Identify the reagents necessary to achieve each of the following transformations. To verify that your 
answers are correct, look in your textbook at the end of Chapter 22. The answers appear in the section 


entitled Review of Reactions. 


Alpha Halogenation 
O O 
O 


Aldol Reactions 


OH 


A A — A 


oO H O 
e a = ow 
o 


Claisen Condensation 


o 
SS 
ws 


L AA 


Alkylation 


~O 


R R 


R 
R 


O O O 
EtO OEt OH 


o o 
MA, > a 
EtO 
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O 
Michael Additions i 
rr 


outs th 


Common Mistake to Avoid 


This chapter covers many reactions. Some of them require aqueous work-up, some require aqueous acidic 
work-up, while others require no work-up at all. Students often confuse the appropriate work-up conditions 
by associating the work-up conditions with the reagents, rather than the reaction occurring. For example, 
consider the following reaction: 

O O 


Pa H yA 


cl R 


This reaction (covered in Section 20.8) involves a lithium dialkyl cuprate being used as a nucleophile, 
giving a ketone as a product. In contrast, consider the following reaction (from Chapter 21), which also 
employs a lithium dialkyl cuprate as a nucleophile: 


In this case, the initial product of the reaction is an enolate, which must be protonated, thereby requiring 
acidic work-up. This was not the case for the reaction between an acid chloride and a lithium dialkyl 
cuprate. It would therefore be a mistake to memorize that lithtum dialkyl cuprates always require aqueous 
acidic work-up (or to memorize the opposite), because it depends on the situation. Rather than memorizing 
arbitrary rules that don’t always apply, it would be wiser to focus on understanding why certain reactions 
require work-up while others do not. Your understanding will be facilitated by a strong focus on reaction 
mechanisms. 
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Useful reagents 
The following is a list of reagents encountered in this chapter: 
Reagents Type of Reaction Description 
These reagents can be used to install a bromine atom at the a 
position of a ketone (or aldehyde). Subsequent treatment of the 
[H30*], Bro a-Bromination resulting a-bromoketone with pyridine gives an a,B-unsaturated 
ketone. This two-step process can be used to introduce a,B- 
unsaturation into a ketone or aldehyde. 
1) Bro, PBr3 Hell-Volhard- These reagents can be used to install a bromine atom at the a 
2) HO Zelinsky reaction | position of a carboxylic acid. 
1) NaOH, Bro These reagents can be used to convert a methyl ketone into a 
>) H.0t ° Haloform reaction | carboxylic acid. This process is most efficient when the other a 
) Hs position (of the starting ketone) bears no protons. 
a Aqueous sodium hydroxide will cause an aldol addition reaction 
Aldol addition : . 
NaOH, H20 : between two equivalents of an aldehyde or ketone to give a B- 
reaction 
hydroxyaldehyde (or a B-hydroxyketone). 
Aqueous sodium hydroxide and heat will cause an aldol 
NaOH, H20, heat Aldol condensation between two equivalents of an aldehyde or ketone 
condensation to give an a,B-unsaturated aldehyde (or an a,B-unsaturated 
ketone). 
1) NaOEt Claisen These reagents will cause two equivalents of an ester to undergo 
2) H30* condensation a condensation reaction, giving a B-ketoester. 
1) LDA, -78°C These conditions can be used to install an alkyl group at the less- 
i Alkylation substituted a position of an unsymmetrical ketone (via the 
2) RX eee 
kinetic enolate). 
1) NaH, 25°C These conditions can be used to install an alkyl group at the 
i Alkylation more-substituted a position of an unsymmetrical ketone (via the 
2) RX j 
thermodynamic enolate). 
(0) (0) Diethyl malonate can be converted into a substituted carboxylic 


Malonic ester 
synthesis 


acid upon treatment with ethoxide, followed by an alkyl halide, 
followed by aqueous acid. 


k 


Acetoacetic ester 


Ethyl acetoacetate can be converted into a derivative of acetone 
upon treatment with ethoxide, followed by an alkyl halide, 


EtO aynthgsis followed by aqueous acid. 
1) RoCuLi A lithium dialkyl cuprate is a weak nucleophile and can serve as 
2) H:0* Michael reaction | a Michael donor. It will react with a suitable Michael acceptor 

3 


(see Table 21.2). 
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Solutions 


21.1. Under acid-catalyzed conditions, the carbonyl group is first protonated, generating a resonance-stabilized 
intermediate, which is then deprotonated at the a position to give an enol. Notice that the acid for the protonation step 
is a hydronium ion, and the base for the deprotonation step is water, consistent with acidic conditions. 


H H 
D o N A H 2 o” Oo” 


4 Z 
H—O0® on 
\ ¥\ O: 
- Ò | — 
=> 


21.2. If we carefully inspect the solution to the previous problem, we find that the final step of the mechanism is 
deprotonation of the a position, thereby converting the resonance-stabilized cationic intermediate into an enol. 
Therefore, the reverse of this process must begin with protonation of the a position, thereby converting the enol into a 
resonance-stabilized cationic intermediate. Subsequent deprotonation of this intermediate gives the ketone. Notice that 
the acid for the protonation step is a hydronium ion, and the base for the deprotonation step is water, consistent with 
acidic conditions. 


H „H © H 

o° m :67 of | O) 
/ Wie C T 

H O HH 


21.3. Under base-catalyzed conditions, the a position is first deprotonated, generating a resonance-stabilized anionic 
intermediate. The oxygen atom in this intermediate is then protonated to give an enol. Since the ketone is 
unsymmetrical, the two a positions are not equivalent. Therefore, the enol can be formed at either a position, as shown 
below. Notice that, in each case, the base for the deprotonation step is a hydroxide ion, and the acid for the protonation 
step is water, consistent with basic conditions. 


(0) o :0: on 
oA fe) 
a aS wees 


I 


o) 
© 
O 
O 
© 
O 
\ 
ae 


-OH Z mi u~ 
ʻO r- A~ Y ZA 


21.4. 

(a) This compound has two a positions, although they (b) This compound has two a positions, although only 
are identical because the ketone is symmetrical. one of these positions bears protons. Deprotonation at 
Deprotonation at either location will lead to the same that location will lead to an enolate ion with the 
enolate ion, which has the following resonance following resonance structures: 

structures: 


o oF 


o o9 
e a mK = of 
© © 
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(c) This compound has two a positions, although only 
one of these positions bears protons. Deprotonation at 
that location will lead to an enolate ion with the 
following resonance structures: 


o oF 
e — A 
Ò 


(d) This compound has two a positions, although only 
one of these positions bears protons. Deprotonation at 
that location will lead to an enolate ion with the 
following resonance structures: 
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eo oF 
oe — Oo 


(e) This compound is an aldehyde and therefore has only 
one © position. Deprotonation at that location will lead 
to an enolate ion with the following resonance structures: 


o9 


21.5. The ester has only one alpha carbon, and the proton at that position will be removed when treated with a strong 
base. Just as we would expect for the enolate of an aldehyde or a ketone, the resulting ester enolate has two resonance 


structures. 
E -O 
© (0) “Or 20: 
Base: ~~ DS 
H EtO_© EtO. = 
aon — Jon m ^on 
EtO OEt OEt OEt 
21.6. (b) This compound has four æ positions: 


(a) This compound has three a positions: 


O, ` „O 
Among these positions, the central position is a to both 
carbonyl groups, and therefore, deprotonation occurs at 


this location. The resulting anion is a doubly stabilized 
enolate ion, which is particularly stable: 


es Deo ne So 


a ee 
|e 


If ethoxide is used as the base to form the enolate, then 
enolate formation can be treated as nearly complete. 
That is, there will not be a substantial amount of 
diketone present after the equilibrium has been 
established. 


<=> 


All four of these positions are identical because of 
symmetry (the structure has been rotated to make the 
symmetry more apparent). Therefore, deprotonation at 


any one of these positions results in the same enolate, 
which has the following two resonance structures: 


0. We) 
Thm Th 


Notice that the negative charge is delocalized over only 
one oxygen atom (not two). As such, deprotonation of 
the diketone with ethoxide will result in a mixture 
containing both the enolate and the starting diketone. 
That is, there will be a substantial amount of diketone 
present after the equilibrium has been established. 


(c) This compound has two a positions, although only 
one of these positions bears protons. Deprotonation at 
that location will lead to an enolate ion with the 
following resonance structures: 
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Notice that the negative charge is delocalized over only 
one oxygen atom. As such, deprotonation of the ketone 
with ethoxide will result in a mixture containing both the 
enolate and the starting ketone. That is, there will be a 
substantial amount of ketone present after the 
equilibrium has been established. 


(d) This compound has two a positions, although they 


are identical because the ketone is symmetrical. 
Deprotonation at either location will lead to the same 


21.7. 


enolate ion, which has 


structures: 


the following resonance 


z0 o° 
re m A 


Notice that the negative charge is delocalized over only 
one oxygen atom. As such, deprotonation of the ketone 
with ethoxide will result in a mixture containing both the 
enolate and the starting ketone. That is, there will be a 
substantial amount of ketone present after the 
equilibrium has been established. 


(a) 2,4-Dimethy]-3,5-heptanedione is more acidic because its conjugate base is a doubly stabilized enolate. The other 
compound (4,4-dimethyl-3,5-heptanedione) cannot form a doubly stabilized enolate because there are no protons 
connected to the carbon atom that is in between both carbonyl groups. 


W 


(more acidic) 


(b) 1,3-Cyclopentanedione is more acidic because its conjugate base is a doubly stabilized enolate. 


oO (0) 
X 
(less acidic) 


The other 


compound (1,2-cyclopentanedione) cannot form a doubly stabilized enolate because the carbonyl groups are adjacent to 


each other. 


oA so 


tf 


(more acidic) 


PIAS 


(less acidic) 


(c) Acetophenone is more acidic than benzaldehyde because the former has a protons and the latter does not. 


CH3 


if 


(more acidic) 


21.8. 


(a) These reagents indicate bromination at the a position, followed by elimination to give an a,f-unsaturated ketone: 


[H30"], Br2 
— > 


2 


fe) N - o 
vAr — ~A 
Br 


The following is a mechanism accounting for the entire transformation. Under acid-catalyzed conditions, the carbonyl 
group is protonated, giving a resonance-stabilized intermediate, which can then be deprotonated to give an enol. There 
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is only a small amount of enol present at equilibrium, but its steady presence is responsible for the bromination process 
(as the enol is consumed by reacting with Bro, the equilibrium is adjusted to replenish the small concentration of enol). 
The enol is a nucleophile and can attack molecular bromine (Br2) to give an intermediate which is then deprotonated by 
water to give the product of the first reaction. 


10 H z9 Hos c? 
i - / Br 
es ke 
A- Ton aog" 


When this a-bromoketone is subsequently treated with pyridine, an E2 reaction gives the product: 


cege 
a 


Br 


Te 


(b) These reagents indicate bromination at the more substituted a position, followed by elimination to give an a,B- 


unsaturated ketone: 
P O 
[H30°], Br2 = 
se Ao 
Br 


Below is a mechanism accounting for the entire transformation. Under acid-catalyzed conditions, the carbonyl group is 
protonated, giving a resonance-stabilized intermediate, which can then be deprotonated to give an enol (the more 
substituted enol is favored over the less substituted enol at equilibrium). There is only a small amount of enol present 
at equilibrium, but its steady presence is responsible for the bromination process (as the enol is consumed by reacting 
with Bro, the equilibrium is adjusted to replenish the small concentration of enol). The enol is a nucleophile and can 
attack molecular bromine (Brz) to give an intermediate which is then deprotonated by water to give the product of the 
first reaction. 


: A aaa 
o ‘0: @,-H 
S eave 
Br 
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When this a-bromoketone is subsequently treated with pyridine, an E2 reaction gives the product: 


O 2 
Ag 
x 


Br 


(c) The starting material is an aldehyde, which has only one a position. These reagents indicate bromination at the a 
position, followed by elimination to give an a,f-unsaturated aldehyde: 


/ 
o F o N N o 
[H30"], Bro — 
— > — 
a oC r 
Br 


Below is a mechanism accounting for the entire transformation. Under acid-catalyzed conditions, the carbonyl group is 
protonated, giving a resonance-stabilized intermediate, which can then be deprotonated to give an enol. There is only a 
small amount of enol present at equilibrium, but its steady presence is responsible for the bromination process (as the 
enol is consumed by reacting with Bro, the equilibrium is adjusted to replenish the small concentration of enol). The 
enol is a nucleophile and can attack molecular bromine (Brz) to give an intermediate which is then deprotonated by 
water to give the product of the first reaction. 


O Oo O 
H H H 
H H H C H 
T 
ris. 2 
O a y 2o" Br 
H H AL 
B 
: Br 
When this a-bromoaldehyde is subsequently treated with pyridine, an E2 reaction gives the product: 
/ 
o pon N o 
T 
H H 
Br” 
21.9. Alternatively, PCC can be used to affect the same 


(a) The product is an a,B-unsaturated ketone, which can transformation. 
be prepared from the corresponding saturated ketone (via 
acid-catalyzed halogenation followed by elimination), 


OH O 
H2SO4, H20 
Pe 
O O 2) Bro, [H30*] 
Cy or 


1 ) NaC r207, 


3) pyridine 


Na2Cr207, oe. 
|i H2O pyridine 
and this saturated ketone can be prepared from the 
starting secondary alcohol via oxidation. 


(0) oO 
The complete synthesis is shown here. The first step Bra, 
employs chromic acid as the oxidizing agent. [H30*] 
Br 
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(b) The product is an a,B-unsaturated aldehyde, which 
can be prepared from the corresponding saturated 
aldehyde (via acid-catalyzed halogenation followed by 


elimination): 
pws pha 


The saturated aldehyde can be prepared from the starting 
primary alcohol via oxidation with PCC (or with DMP or 


via a Swern oxidation). 
ro OH KA, 
pyridine 


PCC, CH2Cl 
I I 

H AK 
(a) The starting material is a carboxylic acid, and the 


21.10. 
reagents indicate a Hell-Volhard-Zelinsky reaction. This 
process installs a bromine atom at the a position, as 


shown: 


_1) PCC, CH2Ch PCC, CH2Clo 
2) Bra [H30] Br2, [H30*] 
3) pyridine 


E i 


O 
OH A) Bia By Bro, PBr3 
2HO. 
(b) The starting material is a carboxylic acid, and the 
reagents indicate a Hell-Volhard-Zelinsky reaction. This 
process installs a bromine atom at the a position, as 


shown: 
O OH 
1) Bro, 1) Bra, PBr3 
Jao ` 
21.11. 


(a) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 
steps (a-c) follows. 


or oyr 
-O~ 
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a. The product can be made from the corresponding 
carboxylic acid via bromination at the a position. 

b. The carboxylic acid can be prepared via hydrolysis 
of the corresponding nitrile. 

c. The nitrile can be made from the starting material 
(benzyl bromide) via an Sn2 process in which 
cyanide is used as a nucleophile. 


Now let’s draw the forward scheme. Benzyl bromide is 
treated with sodium cyanide, giving an Sn2 reaction that 
results in formation of a nitrile. Upon treatment with 
aqueous acid, the nitrile is hydrolyzed to give a 
carboxylic acid. Bromination at the a position then 
gives the product, as shown. 


1) NaCN 
2) 2)H30" 
3) Bry, PBry Bro, PBr3 
4) H20 
NaCN k Bro, PBr3 


k H2O 


mO eee 


Alternatively, the carboxylic acid can be prepared via a 
Grignard reaction between benzyl magnesium bromide 
and carbon dioxide, followed by acid work-up, as shown: 


Br 
1) Mg 
— 
2) CO3 
3) H30* 
Mg 4) Bro, PBr3 2 Bro, PBr3 
5) H2O 2 H20 


Dco 
JHO 


This alternate synthesis demonstrates an important point 
that has been stressed several times throughout this 
solutions manual. Specifically, synthesis problems will 
generally have multiple correct solutions. There is rarely 
only one correct solution to a synthesis problem. 


(b) The product is an a-bromo carboxylic acid, which 
can be prepared from the corresponding carboxylic acid 
(via a Hell-Volhard-Zelinsky reaction): 


(0) oO 


Xin = XI, 


Br 
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This carboxylic acid can be prepared from the starting 
primary alcohol via oxidation with chromic acid: 


1) NazCr207, oO 
E e H2SO4, H2O 
OH 2) Bry, PBr3 OH 
3) H2O Br 
Na2Cr207 
H2SO,, H2O 
RAT m 1) Bro, PBr3 
OC 
OH 


(c) The product is an a-bromo carboxylic acid, which 
can be prepared from the corresponding carboxylic acid 
(via a Hell-Volhard-Zelinsky reaction): 


O OH O OH 
X 
Br 
This carboxylic acid can be prepared from the starting 
nitrile via hydrolysis with aqueous acid, as shown: 


O OH 
CN 
Je 1) H30* 
2) Bro, PBr3 Br 
3) H2O 


(0) OH 1) Br2, PBr3 
7 
\ H30 X / 2)H,O 


21.12. 

(a) The starting material is a methyl ketone, which is 
converted into the corresponding carboxylic acid (shown 
here) via the haloform reaction: 


(0) 


OH 


(b) The starting material is a methyl ketone, which is 
converted into the corresponding carboxylic acid (shown 
here) via the haloform reaction: 


O 
OH 
(c) The starting material is a methyl ketone, which is 


converted into the corresponding carboxylic acid (shown 
here) via the haloform reaction: 


Cui 
cy” 


21.13. 

(a) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 
steps (a-c) follows. 


O O 
a 
Cet => OH 
T 
OH O 
C 
<— 

a. The product is an ester, so it can be made from the 
corresponding carboxylic acid via a Fischer 
esterification. 

b. The carboxylic acid can be prepared from the 
corresponding methyl ketone via a haloform 
reaction. 


c. The ketone can be made via oxidation of the 
corresponding secondary alcohol. 


Now let’s draw the forward scheme. The starting 
alcohol is oxidized upon treatment with chromic acid 
(alternatively, PCC can be used for this step). The 
resulting ketone is then treated with molecular bromine 
(Brz) and sodium hydroxide, followed by aqueous acid, 
to give a carboxylic acid (via a haloform reaction). 
Finally, the carboxylic acid is treated with ethanol in the 
presence of an acid catalyst, giving the desired ester (via 
a Fischer esterification). 


OH 4) NasCrOz, O 
H2SO4, H2O 
2) Brz, NaOH OEt 
3) H30* 
4) [H*], EtOH 
NazCr207, + 
H2504, HO [H*], EtOH 
o 


oO 
1) Bro, NaOH 
l 
2) H30* OH 


www.MyEbookNiche.eCrater.com 


(b) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 
steps (a-c) follows. 


O 


Aha Ache 
v, 
CA 


a. The product is an acid chloride which can be made 
from the corresponding carboxylic acid. 

b. The carboxylic acid can be prepared from the 
corresponding methyl ketone via a haloform 
reaction. 

c. The ketone can be made from the starting alkene via 
ozonolysis. 


Now lets draw the forward scheme. Ozonolysis 
converts the starting alkene into a ketone (with loss of a 
carbon atom). The resulting ketone is then treated with 
molecular bromine (Brz) and sodium hydroxide, 
followed by aqueous acid, to give a carboxylic acid (via 
a haloform reaction). Finally, the carboxylic acid is 
converted into an acid chloride upon treatment with 
thionyl chloride. 

1) 0. 

>) DMS 2 

Aae 


3) Br2, NaOH 
—o 
4) H30* 

5) SOCh 


SOCh 


1) O3 
2) DMS 
o oO 
1) Bro, NaOH 
os 
2) H30* OH 


(c) The starting material is an acetal. Upon treatment 
with aqueous acid, the acetal is converted to a ketone, 
which can then be converted into the desired carboxylic 
acid via a haloform reaction. 


1) H,0* õi 
2) Bro, NaOH 
———— 
O 3) HO" o 
H,0* 1) Br, NaOH 
2) H30* 
(@) 
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(d) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 
steps (a-d) follows. 


Ao 


(0) 


Y 


he 


= 
ae 
xs 


a. The product is an amide, which can be made from 
the corresponding acid chloride. 

b. The acid chloride can be made from the 
corresponding carboxylic acid upon treatment with 
thionyl chloride. 

c. The carboxylic acid can be prepared from the 
corresponding methyl ketone via a haloform 
reaction. 

d. The ketone can be made via hydrolysis of the 
starting imine. 


Now let’s draw the forward scheme. The starting imine 
is hydrolyzed upon treatment with aqueous acid to give a 
ketone. The ketone is then treated with molecular 
bromine (Br2) and sodium hydroxide, followed by 
aqueous acid, to give a carboxylic acid (via a haloform 
reaction). The carboxylic acid is then converted into an 
acid chloride upon treatment with thionyl chloride. 
Finally, the acid chloride is converted into the desired 
amide upon treatment with excess ammonia (via a 
nucleophilic acyl substitution reaction). 


ZH 1)H3,0* 

N 2) Bro, NaOH O 

3) H30* 
— 
4) SOCl> NE 
5) xs NH3 
ho xs NH3 
(0) (0) 


1) Bro, NaOH 
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21.14. 

(a) The a position of one molecule of the aldehyde is 
deprotonated, and the resulting enolate functions as a 
nucleophile and attacks the carbonyl group of another 
molecule of the aldehyde: 


Ca O 
£ NG 


H “| H 


As a result, a carbon-carbon bond is formed. The 
resulting alkoxide ion is then protonated to give the 
following B-hydroxy aldehyde: 


(b) The a position of one molecule of the aldehyde is 
deprotonated, and the resulting enolate functions as a 
nucleophile and attacks the carbonyl group of another 
molecule of the aldehyde: 


Oo O 
Ie 
H ; H 


As a result, a carbon-carbon bond is formed. The 
resulting alkoxide ion is then protonated to give the 
following B-hydroxy aldehyde: 


OH O 


(c) The a position of one molecule of the aldehyde is 
deprotonated, and the resulting enolate functions as a 
nucleophile and attacks the carbonyl group of another 
molecule of the aldehyde: 


As a result, a carbon-carbon bond is formed. The 
resulting alkoxide ion is then protonated to give the 
following B-hydroxy aldehyde: 


(d) The a position of one molecule of the aldehyde is 
deprotonated, and the resulting enolate functions as a 
nucleophile and attacks the carbonyl group of another 
molecule of the aldehyde: 


As a result, a carbon-carbon bond is formed. The 
resulting alkoxide ion is then protonated to give the 
following B-hydroxy aldehyde: 


OH O 


21.15. 

(a) This compound has two a positions, although they 
are identical because the ketone is symmetrical. That is, 
deprotonation at either location will lead to the same 
enolate. This enolate can then function as a nucleophile 
and attack the carbonyl group of another molecule of the 
ketone. As a result, a carbon-carbon bond is formed. 
The resulting alkoxide ion is then protonated to give a B- 
hydroxy ketone, as shown: 


vd 


OH 
NaOH, H20 


© 
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(b) This compound has two a positions, although only 
one of these positions bears protons. Deprotonation at 
that location will lead to an enolate ion that can function 
as a nucleophile and attack the carbonyl group of another 
molecule of the ketone. As a result, a carbon-carbon 
bond is formed. The resulting alkoxide ion is then 
protonated to give a B-hydroxy ketone, as shown: 


W 


O OH 
NaOH, HO 


ACE if 


(c) This compound has two a positions, although they 
are identical because the ketone is symmetrical. That is, 
deprotonation at either location will lead to the same 
enolate. This enolate can then function as a nucleophile 
and attack the carbonyl group of another molecule of the 
ketone. As a result, a carbon-carbon bond is formed. 
The resulting alkoxide ion is then protonated to give a B- 
hydroxy ketone, as shown: 


Q NaOH, H2O O OH 
A 


(d) This compound has two a positions, although only 
one of these positions bears protons. Deprotonation at 
that location will lead to an enolate ion that can function 
as a nucleophile and attack the carbonyl group of another 
molecule of the ketone. As a result, a carbon-carbon 
bond is formed. The resulting alkoxide ion is then 
protonated to give a B-hydroxy ketone, as shown: 
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Oo 6) OH 
on _NaOH, H20 _ 
9.7 O 
:OH HH 


eres , & 


21.16. 

(a) The a position of one molecule of the aldehyde is 
deprotonated, and the resulting enolate functions as a 
nucleophile and attacks the carbonyl group of another 
molecule of the aldehyde: 


o os 
H Jer A 
O O 


S7 `Ch; 


As a result, a carbon-carbon bond is formed. The 
resulting alkoxide ion is then protonated to give the 
following B-hydroxy aldehyde: 


O OH 
OL LO 
H yB xN `Ch; 
Oo 6 
NY “Gris 


(b) The a and ß positions are both chiral centers, so we 
expect 2? = 4 stereoisomers, shown below: 


O OH Oo OH 
O. LO A 30 
AN So CH 3 H : NY CH; 
OL oO Oo. LO 
~~" `Ch; ~~" `Ch; 
OH OH 
Lo OL Oo 
H ~~" SCH3 HT OY Se“ CH 
oO. LO oO. LO 
Se NCH NX CH; 
21.17. 


(a) Two molecules of the aldehyde are redrawn such 
that two æ protons of one molecule are directly facing 
the carbonyl group of another molecule (highlighted). 
When drawn in this way, it is easier to predict the 
product without having to draw the entire mechanism. 
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We simply remove the two a protons and the oxygen 
atom, and we replace them with a double bond. In this 
case, two stereoisomers are possible, so we draw the 
product that is likely to have fewer steric interactions: 


H 


(b) Two molecules of the aldehyde are redrawn such that 
two a protons of one molecule are directly facing the 
carbonyl group of another molecule (highlighted). We 
then remove the two a protons and the oxygen atom, and 
we replace them with a double bond. In this case, two 
stereoisomers are possible, so we draw the product that is 
likely to have fewer steric interactions: 


H 


(c) Two molecules of the aldehyde are redrawn such that 
two a protons of one molecule are directly facing the 
carbonyl group of another molecule (highlighted). We 
then remove the two a protons and the oxygen atom, and 
we replace them with a double bond. In this case, two 
stereoisomers are possible, so we draw the product that is 
likely to have fewer steric interactions: 


(d) This compound has two a positions, although they 
are identical because the ketone is symmetrical, so we 
only need to consider the reaction occurring at one of 
these locations. 

Two molecules of the ketone are redrawn such that two 
a protons of one molecule are directly facing the 
carbonyl group of another molecule (highlighted). We 


then remove the two a protons and the oxygen atom, and 
we replace them with a double bond: 


(e) This compound has two a positions, although they 
are identical because the ketone is symmetrical, so we 
only need to consider the reaction occurring at one of 
these locations. 

Two molecules of the ketone are redrawn such that two 
aprotons of one molecule are directly facing the 
carbonyl group of another molecule (highlighted). We 
then remove the two a protons and the oxygen atom, and 
we replace them with a double bond: 


O 
H 
(0) 
H 


(£) This compound has two a positions, although they 
are identical because the ketone is symmetrical, so we 
only need to consider the reaction occurring at one of 
these locations. 

Two molecules of the ketone are redrawn such that two 
a protons of one molecule are directly facing the 
carbonyl group of another molecule (highlighted). We 
then remove the two a protons and the oxygen atom, and 
we replace them with a double bond: 


21.18. Compound 1 has 8 equivalent alpha protons, highlighted below: 
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H H 
H (CH2)2 H 
(0) (0) 
H (CH2)2 H 
H H 
Removal of any one of these protons with a base will yield the same enolate and ultimately lead to the same final aldol 
condensation product. To draw the aldol condensation product, we redraw compound 1 to show one set of alpha 


protons directly facing the other carbonyl group. Removing the carbonyl group and the two alpha protons (in the box 
below) gives the structure of the final product, compound 2, which has the molecular formula C10H140. 


o 
Q e 
1 0 x Oo 
O 


Note that in this case the bicyclic structure limits the product to only one possible stereoisomer around the newly- 
formed C=C unit. 

The above is only a bookkeeping trick for predicting the product. It is beneficial to think about the mechanism as 
shown below. After deprotonation, the resulting enolate ion attacks the carbonyl group, giving an alkoxide ion. After 
protonation of the alkoxide, a base-catalyzed elimination process gives an a,B—unsaturated ketone: 


O 


Aldol 


condensation 
— 


n.O 
O eo 70: 
: Base PE 
©) 
O (@] O 
HO 


21.19. 
(a) We first identify the a and B positions, and then 
apply a retrosynthetic analysis: 


oO 


(0) 
5 H 
a © H 


This transformation can be achieved with an aldol 
reaction between two different partners. One of the 
partners (the ketone) only has one æ position that can be 
deprotonated (giving only one possible enolate), and the 


other partner (formaldehyde) lacks o protons and is more 
electrophilic than the ketone. As such, LDA is not 
required as a base for this directed aldol addition. 
Sodium hydroxide can be used, as shown: 


o NaOH 
— 
an O 
JL 


H H 


O 


nins 


www.MyEbookNiche.eCrater.com 


848 CHAPTER 21 


(b) We first identify the a and B positions, and then 
apply a retrosynthetic analysis: 


O OH 


This transformation can be achieved with an aldol 
reaction between two different partners. One of the 
partners (the ketone) only has one a position that can be 
deprotonated (giving only one possible enolate), and the 
other partner (the aldehyde) lacks a protons and is more 
electrophilic than the ketone. As such, LDA is not 
required as a base for this directed aldol addition. 
Sodium hydroxide can be used, as shown: 


O O OH 


NaOH 


(c) We first identify the a and P positions, and then 
apply a retrosynthetic analysis: 


O OH 


Two different partners are required, each of which can be 
deprotonated to give an enolate. Therefore, this 
transformation must be achieved with a directed aldol 
reaction, using LDA as the base, followed by water 
work-up, as shown: 


O O OH 


1) LDA 


2) 


3) H20 
(d) We first identify the a and B positions, and then 


apply a retrosynthetic analysis to identify the starting 
materials: 


o-b-Ag 


This transformation can be achieved with an aldol 
reaction between two different partners. One of the 
partners (the ketone) only has one a position that can be 
deprotonated (giving only one possible enolate), and the 
other partner (the aldehyde) lacks o protons and is more 
electrophilic than the ketone. As such, LDA is not 
required as a base for this directed aldol addition. 
Sodium hydroxide can be used, as shown: 


o Al o 
(0) NaOH a 
A = 
heat 


(e) We first identify the a and B positions, and then 
apply a retrosynthetic analysis: 


6) (®) 
aw = Ə + 
Aoi 9 


Two different partners are required, each of which can be 
deprotonated to give an enolate. Therefore, this 
transformation must be achieved with a directed aldol 
reaction, using LDA as the base, followed by water 
work-up, as shown: 


O O 


2) A OH 
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21.20. We first identify the part of the structure of DPHP that is produced by an aldol reaction, and look for either a 
B-hydroxy carbonyl or an a,f-unsaturated carbonyl. We do see in DPHP an a,f-unsaturated carbonyl. After 
identifying the a and ß positions, we then apply a retrosynthetic analysis to identify the starting materials: 


COOL = CO. “Oa 


A strong base, such as LDA, is not needed for this crossed aldol reaction since only one of the compounds (the ketone) 
has an © position that can be deprotonated (giving only one possible enolate) and the other partner (the aldehyde) lacks 
a protons and is more electrophilic that the ketone. Sodium hydroxide can be used, as shown: 


OH O H OH O 
“CL OY Coy OL ar 
į — 
N N 


DPHP 


21.21. This process is an intramolecular aldol O NaOH, H20 
condensation reaction. As such, we draw a mechanism heat 
with the same mechanistic steps found in Mechanism \) 

21.6. First, hydroxide functions as a base and o 


deprotonates the starting dione to give an enolate. This 
enolate ion is a nucleophilic center, and it will attack the 
carbonyl group present in the same structure (an 


O 
: . f oO O 
intramolecular process), thereby closing a five- 
membered ring. The resulting alkoxide ion is then o © 
protonated to give a B-hydroxy ketone. Hydroxide then < i e) LS 


functions as a base again, deprotonating the a position. (0) 
The resulting enolate then ejects a hydroxide ion, giving \ Q 
the condensation product, as shown: 


F OH 
=O 
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21.22. The following process is the reverse of the 
mechanism shown in the previous problem. As such, all 
of the intermediates are identical to the intermediates in 
the previous problem, but they appear in reverse order. 
First, hydroxide attacks the B position of the a,p- 
unsaturated ketone, giving an enolate. The enolate is 
then protonated to give a B-hydroxyketone, which is 
subsequently deprotonated to give an alkoxide ion. The 
carbonyl group is then reformed, with loss of an enolate 
as a leaving group (this is a retro-aldol process). The 
resulting enolate is then protonated to give the dione. 
Notice that each of the protonation steps employs water 
as an acid, consistent with basic conditions (strong acids 
are not measurably present under these conditions). 


O O 


H H 
O 
O O 
wN 
OH oO 
H H 
oO O 
O. 
:ÖH 
5 
ON Co 
H © 
21.23. This process is an intramolecular aldol 


condensation reaction, and is similar to Problem 21.21, 
with one additional methylene (CH2) group in between 
the two carbonyl groups. As such, a six-membered ring 
is formed, rather than a five-membered ring. Other than 
this small difference, this mechanism is identical to the 
mechanism shown in the solution to Problem 21.21. 
First, hydroxide functions as a base and deprotonates the 
starting dione to give an enolate. This enolate ion is a 
nucleophilic center, and it will attack the carbonyl group 
present in the same structure (an intramolecular process), 
thereby closing a six-membered ring. The resulting 
alkoxide ion is then protonated to give a -hydroxy 
ketone. Hydroxide then functions as a base again, 
deprotonating the a position. The resulting enolate then 
ejects a hydroxide ion, giving the condensation product, 
as shown: 


ZO. 
HIH OH 
o a os 
Bc) 
HO: > 
O: OH 
ors 


21.24. 

(a) The starting material is an ester, and the product is a 
B-ketoester. Therefore, this process is a Claisen 
condensation. In this case, two identical partners will 
react with each other (this is not a crossed Claisen 
condensation). Since the alkoxy group of the ester is an 
ethoxy group, we must use sodium ethoxide as the base, 
in order to avoid transesterification. 

(b) The starting material is an ester, and the product is a 
B-ketoester. Therefore, this process is a Claisen 
condensation. In this case, two identical partners will 
react with each other (this is not a crossed Claisen 
condensation). Since the alkoxy group of the ester is a 
tert-butoxy group, we must use potassium fert-butoxide 
as the base, in order to avoid transesterification. 


21.25. 

(a) The a position of one molecule of the ester is 
deprotonated, and the resulting enolate functions as a 
nucleophile and attacks the carbonyl group of another 
molecule of the ester. As a result, a carbon-carbon bond 
is formed, giving a tetrahedral intermediate. The 
carbonyl group is then reformed via loss of an ethoxide 
ion, affording a B-ketoester, as shown: 


Ph 
see Ph 
OEt re) Bh OEt 
ie = Oh? 
So :O: OEt O 
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This product is deprotonated under the conditions of its 
formation, which is the reason for acid work-up (H30*) 
after the reaction is complete (to return the proton). 


(b) The a position of one molecule of the ester is 
deprotonated, and the resulting enolate functions as a 
nucleophile and attacks the carbonyl group of another 
molecule of the ester. As a result, a carbon-carbon bond 
is formed, giving a tetrahedral intermediate. The 
carbonyl group is then reformed via loss of a methoxide 
ion, affording a B-ketoester, as shown: 


= 

© 

Je fe) eo 
XX Go CMe fe) 


s 


B OMe 


This product is deprotonated under the conditions of its 
formation, which is the reason for acid work-up (H30*) 
after the reaction is complete (to return the proton). 


(c) The a position of one molecule of the ester is 
deprotonated, and the resulting enolate functions as a 
nucleophile and attacks the carbonyl group of another 
molecule of the ester. As a result, a carbon-carbon bond 
is formed, giving a tetrahedral intermediate. The 
carbonyl group is then reformed via loss of an ethoxide 
ion, affording a B-ketoester, as shown: 


O O 


This product is deprotonated under the conditions of its 
formation, which is the reason for acid work-up (H30*) 
after the reaction is complete (to return the proton). 


21.26. 

(a) We first identify the a and B positions, and then 
apply a retrosynthetic analysis. The o position is the 
location between the two carbonyl groups, and the B 
position bears the keto group: 
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B 
A DOE 


o l o 
+ 


Since the two partners are different, we use a crossed 
Claisen condensation. LDA is used as the base in the 
first step, and the final step of the process is aqueous 
acidic work-up, as shown: 


1) LDA 


OEt 


(b) We first identify the a and B positions, and then 
apply a retrosynthetic analysis. The œ position is the 
location between the two carbonyl groups, and the B 
position bears the keto group: 


B 
5 a  OEt 


o Į o 
a a. 
+ 


Since the two partners are different, we use a crossed 
Claisen condensation. LDA is used as the base in the 
first step, and the final step of the process is aqueous 
acidic work-up, as shown: 


o 
1) LDA 
a el 
Aon O OEt 
2) 


(c) We first identify the a and B positions, and then 
apply a retrosynthetic analysis. The o position is the 
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location between the two carbonyl groups, and the B 


position bears the keto group: 
O OMe OMe O OMe 
i => ig + an 
7, O d 
M 
O 


Since the two partners are different, we use a crossed 
Claisen condensation. LDA is used as the base in the 
first step, and the final step of the process is aqueous 
acidic work-up, as shown: 


O OMe 1) LDA O OMe 
— > 
OMe 
2 
O Oo 
3) H,0* 


(d) We first identify the a and B positions, and then 
apply a retrosynthetic analysis. The o position is the 
location between the two carbonyl groups, and the B 
position bears the keto group: 


(0) OMe 
Q aw + oO 
(0) 


Since the two partners are different, we use a crossed 
Claisen condensation. LDA is used as the base in the 
first step, and the final step of the process is aqueous 
acidic work-up, as shown: 


1) LDA 


(e) We first identify the a and B positions, and then 
apply a retrosynthetic analysis. The o position is the 
location between the two carbonyl groups, and the B 
position bears the keto group: 


OMe O. o 


Since the two partners are different, we use a crossed 
Claisen condensation. LDA is used as the base in the 
first step, and the final step of the process is aqueous 
acidic work-up, as shown: 


oO (0) oO 
O 1)LDA o 

R 
O 

2) 4 \—k 
OMe 

3) H3;0* 

21.27. 


(a) This is an example of an intramolecular Claisen 
condensation (called a Dieckmann cyclization). The a 
position of one ester group is deprotonated, and the 
resulting enolate functions as a nucleophile and attacks 
the other carbonyl group within the same structure. As a 
result, a ring is formed, giving a tetrahedral intermediate. 
The carbonyl group is then reformed via loss of an 
ethoxide ion, giving a B-ketoester: 


OEt 


Under these basic conditions, the f-ketoester is 
deprotonated to give a  doubly-stabilized enolate, 
requiring acidic work-up in order to regenerate the B- 
ketoester above. 


(b) This is an example of an intramolecular Claisen 
condensation (called a Dieckmann cyclization). The a 
position of one ester group is deprotonated, and the 
resulting enolate functions as a nucleophile and attacks 
the other carbonyl group within the same structure. As a 
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result, a ring is formed, giving a tetrahedral intermediate. 
The carbonyl group is then reformed via loss of an 
ethoxide ion, giving a B-ketoester: 


OEt 


Under these basic conditions, the f-ketoester is 
deprotonated to give a doubly-stabilized enolate, 
requiring acidic work-up in order to regenerate the B- 
ketoester above. 


(c) This is an example of an intramolecular Claisen 
condensation (called a Dieckmann cyclization). The a 
position of one ester group is deprotonated, and the 
resulting enolate functions as a nucleophile and attacks 
the other carbonyl group within the same structure. As a 
result, a ring is formed, giving a tetrahedral intermediate. 
The carbonyl group is then reformed via loss of an 
ethoxide ion, giving a B-ketoester: 


EtO 


Under these basic conditions, the f-ketoester is 
deprotonated to give a doubly-stabilized enolate, 
requiring acidic work-up in order to regenerate the B- 
ketoester above. 


21.28. There are two a positions which are not identical 
(because of the presence of the methyl group at C3). 
Therefore, either a position (C2 or C6) can be 
deprotonated, followed by an intramolecular attack, 
leading to the following two possible condensation 
products. That is, the cyclization process can either 


result in a bond between C2 and C7 or between C6 and 


ek 
EtO° 1 3 5 Ny 7 OEI 


1) NaOEt 
2) H30* 


Cl: 
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21.29. 

(a) The starting material is a ketone, which has two a 
positions. With LDA as the base (at low temperature), 
we expect deprotonation to occur at the less substituted 
site, giving the kinetic enolate. This enolate is then 
treated with methyl iodide to give an Sn2 reaction, 
thereby installing the methyl group at the less substituted 
a position, as shown. 


O O 


H 
Í 1) LDA, -78°C 
E 
2) CHal 


(b) The starting material is a ketone, which has two a 
positions. With NaH as the base, we expect 
deprotonation to occur at the more substituted site, 
giving the thermodynamic enolate. This enolate is then 
treated with benzyl bromide to give an Sn2 reaction, 
thereby installing the benzyl group at the more 
substituted a position, as shown. 


(0) 
(0) 


2) PhCH2Br 


D 
tHe is 
© 


(c) The starting material is a ketone, which has two a 
positions, although they are identical because the ketone 
is symmetrical. Deprotonation at either location will 
lead to the same enolate ion. In the first step, LDA 
functions as a base and deprotonates the ketone to give 
an enolate. This enolate is then treated with ethyl iodide 
to give an Sn2 reaction, thereby installing an ethyl group. 
Subsequent treatment with LDA (at low tempereature), 
followed by methyl iodide, installs a methyl group at the 
other (less substituted) a position via the kinetic enolate. 
The net result is the installation of an ethyl group at one 
a position and the installation of a methyl group at the 
other position: 
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1) LDA o 
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2) Etl 
— > 
3) LDA, -78°C 


O 
a 
N 
4) CH3l 
2 
NE 
+ 


41 CH3 


Pat 


onl 


21.30. This transformation does not involve a change in 
the identity or location of the functional group (a 
hydroxyl group), but it does involve a change in the 
carbon skeleton: 


OH 
a 


An ethyl group must be installed, although we have not 
learned a way to do this in one step. A multi-step 
strategy is necessary. One strategy for achieving this 
transformation derives from the following retrosynthetic 
analysis. An explanation of each of the steps (a-c) 
follows. 


AKA 
OH 
~ —— 


a. The alcohol can be made via reduction of the 
corresponding ketone. 

b. The ethyl group can be installed through alkylation 
of 3-methyl-2-pentanone (via the kinetic enolate). 

c. 3-Methyl-2-pentanone can be made from the 
starting alcohol via oxidation. 


OH 


a 


=> 


\ 


O 
O 


Now let’s draw the forward scheme. The starting 
alcohol is oxidized with chromic acid to give 3-methyl- 
2-pentanone. Alternatively, PCC can be used to affect 
the same transformation. The ketone is then treated with 
LDA at low temperature to deprotonate the less 


OH 
O ~~ 
O 
© < 
s © 


substituted position, giving the kinetic enolate. Upon 
treatment with ethyl iodide, an ethyl group is installed in 
the desired location. The resulting ketone is then 
reduced with LiAlH4, followed by water work-up, to 
give the product. 


1) NazCr207, 
H2504, H2O PT 


2) LDA, -78°C 
— > 
3) EtI a 
4) LiAIH, 

5) HO g 
1) LiAIH, 


Na2Cr207, 2) H-O 
2 


H2504, H2O 


O 
1) LDA, -78°C 


2) EtI 


21.31. 
(a) The product is a carboxylic acid that has the 
following (highlighted) group connected to the a 
position: 

(0) 


OH 


This group can be installed via a malonic ester synthesis, 
using the following alkyl halide: 


w 


A malonic ester synthesis begins with the deprotonation 
of diethyl malonate (using ethoxide as a base). The 
resulting resonance-stabilized conjugate base is then 
treated with the alkyl halide above, thereby installing the 
alkyl group. Subsequent hydrolysis and decarboxylation 
give the product, as shown: 


1) NaOEt 


2) ~ 


3) H30*, heat | 
O 


OH 
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(b) The product is a carboxylic acid that has the 
following two (highlighted) groups connected to the a 
position: 

O 


OH 


Both of these groups can be installed via a malonic ester 
synthesis, using the following halides: 


ca 


You might notice that methyl iodide has been chosen, 
rather than methyl bromide. There is a practical reason 
for this choice (methyl iodide is a liquid at room 
temperature, while methyl bromide is a gas, rendering 
the latter more difficult to work with). 

A malonic ester synthesis begins with the deprotonation 
of diethyl malonate (using ethoxide as a base). The 
resulting resonance-stabilized conjugate base is then 
treated with the one of the halides above (either one), 
thereby installing the first group. The second group is 
installed in a similar way (deprotonation, followed by 
treatment with the second alkyl halide). Subsequent 
hydrolysis and decarboxylation give the product, as 


H,C}-1 


shown: 
o o 1) NaOEt 
_2) PhCHaBr 
EtO OEt “3)NaOEt NaOEt 
1) NaOEt isi ka 
2) PhCHBr ganea [no heat 
o o 
Eto OEt 
APINBOE aa 
CHI 


(c) The product is a carboxylic acid that has two propyl 
groups (highlighted) connected to the a position: 


COOH 


a 


Both of these groups can be installed via a malonic ester 
synthesis, using propyl iodide. A malonic ester synthesis 
begins with the deprotonation of diethyl malonate (using 
ethoxide as a base). The resulting resonance-stabilized 
conjugate base is then treated with propyl iodide, thereby 
installing the first propyl group. The second propyl 
group is installed in a similar way (deprotonation, 
followed by treatment with propyl iodide). Subsequent 
hydrolysis and decarboxylation give the product, as 
shown: 
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1) NaOEt 
ie 
Pega, 3) NaOEt 
a~] 
5) H30*, heat 
1) NaOEt H30*, 


2 ~v! 


COOH 


1) NaOEt 
Eto OEt ——————> EO OEt 


ao! 


(d) The product is a carboxylic acid that has the 
following two (highlighted) groups connected to the a 
position: 


oO 


Both of these groups can be installed via a malonic ester 
synthesis, using propyl bromide and methyl iodide, 
respectively. The reason for using methyl iodide (rather 
than methyl bromide) was discussed in the solution to 
part (b). 

A malonic ester synthesis begins with the deprotonation 
of diethyl malonate (using ethoxide as a base). The 
resulting resonance-stabilized conjugate base is then 
treated with the one of the alkyl halides above (either 
one), thereby installing the first alkyl group. The second 
alkyl group is installed in a similar way (deprotonation, 
followed by treatment with the second alkyl halide). 
Subsequent hydrolysis and decarboxylation give the 
product, as shown: 


1) NaOEt 
9 -0 2) CHal 
— OH 
EtO Get. 3) NaOEt 
1) NaOEt ie ail ‘a 
a è 
2) CHI 5) H307, heat prot heat 
o o o o 
1) NaOEt 
ol 
EtO OFt 2) ~ Br FIO OEt 


(e) The product is a carboxylic acid that has the 
following two (highlighted) groups connected to the a 
position: 

O 


OH 
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Both of these groups can be installed via a malonic ester 1) NaOEt Oo 
synthesis, using ethyl iodide and isobutyl iodide, Oo oO 2) Etl 

respectively. JL AL —— OH 
A malonic ester synthesis begins with the deprotonation EtO OEN 2) NaQEt 

of diethyl malonate (using ethoxide as a base). The 4) ie 

resulting resonance-stabilized conjugate base is then a aF 

treated with the one of the alkyl halides above (either ) 5) H3O*, heat fros heat 


one), thereby installing the first alkyl group. The second 
alkyl group is installed in a similar way (deprotonation, 


oO oO 
followed by treatment with the second alkyl halide). 1) NaOEt 
Subsequent hydrolysis and decarboxylation give the Eto OEt ‘ = Eto OEt 
product, as shown: D 


21.32. Product 1 is simply the alkylation product of diethylmalonate. Therefore, treatment of diethylmalonate with 
base (typically sodium ethoxide) followed by methyl iodide affords compound 1. 


(0) 
1. NaOEt 


SS 


EtO OEt 2. CHI 


EtO OEt 
1 


The steps leading from 1 to 2 constitute a malonic ester synthesis, where an aryl halide is used instead of an alkyl 
halide, giving a nucleophilic aromatic substitution. This effectively installs an aryl group onto the malonate derivative 
(1) rather than installing an alkyl group. Sodium ethoxide serves as the base to deprotonate 1 making a nucleophilic 


enolate. 
@) @) @) Oo 
NaOEt 
Eto OEt —— Eto 6 `OEt 
1 


1,2-Difluoro-4-nitrobenzene is a very electron-deficient arene that can be attacked by the enolate of 1. Recall that for 
an SnAr reaction to take place, there must be (1) a powerful electron withdrawing group on the aromatic ring (in this 
case the nitro group), (2) a leaving group (in this case a fluoride) and (3) the leaving group must be either ortho or para 
to the electron withdrawing group. This third point dictates which fluoride is expelled (the one that is para to the nitro 


group). 


o /O R F 
© © 
i Crs A a È Et0.C 
Eto 6 `OH F N e x EtO2C N® SS NO% 
Co To: EtO,C 
EtO.C “© 


Resonance-stabilized 
Meisenheimer complex 


You may note that fluoride is not typically a good leaving group. For the SnAr reaction, it turns out that the attack of 
the benzene ring (which breaks aromaticity) is the rate determining step. For this reason, the leaving group ability is 
much less relevant for SnAr. In fact, the electron withdrawing nature of fluoride actually increases the rate of SNAr 
(relative to Cl and Br) due to making the benzene ring more electrophilic. 


Finally, the last step uses H30* and heat to invoke a hydrolysis and subsequent decarboxylation of the arylated 
malonate product. Product 2 is a mono-carboxylic acid as shown below: 


OEt F OH FẸ 
o H,0* a Heat o 
(6) NO ———————— O NO2 
Hydrolysis “ Decarboxyiation. 
OEt OH 
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21.33. 
(a) The product is a methyl ketone that has the following 
(highlighted) group connected to the a position: 


(0) 


This group can be installed via an acetoacetic ester 
synthesis, using the following alkyl halide: 


Ori 
An acetoacetic ester synthesis begins with the 
deprotonation of ethyl acetoacetate (using ethoxide as a 
base). The resulting resonance-stabilized conjugate base 
is then treated with the alkyl halide above, thereby 


installing the alkyl group. Subsequent hydrolysis and 
decarboxylation give the product, as shown: 


1) NaOEt 


"Cy 
O 


3) H30*, heat 


(b) The product is a methyl ketone that has the following 
two (highlighted) groups connected to the a position: 


oO 


Each of these groups can be installed via an acetoacetic 
ester synthesis, using the following halides: 


D 


An acetoacetic ester synthesis begins with the 
deprotonation of ethyl acetoacetate (using ethoxide as a 
base). The resulting resonance-stabilized conjugate base 
is then treated with one of the halides above, to install 
one of the two groups. The other group is installed in a 
similar way (deprotonation with a base, followed by 
alkylation). Subsequent hydrolysis and decarboxylation 
give the product, as shown: 


Ti 
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(0) 
1) NaOEt 
JIA 2) EtI 
4) PhCH2Br 
1) NaOEt 5) H30*, heat 
2) Etl H30*, heat 
Oo o o o 
1) NaOEt 
——___—_—_—_——_ 
OEt 2) PhCH,Br OEt 


(c) The product is a methyl ketone that has the following 
two (highlighted) groups connected to the a position: 


BE 


Each of these groups can be installed via an acetoacetic 
ester synthesis, using the following alkyl halides: 


LA 


An acetoacetic ester synthesis begins with the 
deprotonation of ethyl acetoacetate (using ethoxide as a 
base). The resulting resonance-stabilized conjugate base 
is then treated with one of the alkyl halides above, 
thereby installing one of the two alkyl groups. The other 
alkyl group is installed in a similar way (deprotonation 
with a base, followed by alkylation). Subsequent 
hydrolysis and decarboxylation give the product, as 
shown: 


DOS A 


1) NaOEt 
2) See o 


JIA 3) NaOEt 
— > 
OEt 41I a 


5) H30* , heat 


1) NaOEt H30*, 
2) heat 
NON I 
O O O O 
OEt 3) NaOEt OEt 


ore 
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(d) The product is a methyl ketone that has the hydrolysis and decarboxylation give the product, as 


following two (highlighted) groups connected to the a shown: 
position: 1) NaOEt 
2) CHaI 
O ©ọỌ 3) NaOEt 
7 Ive 
o Ds i 
5) H30*, heat 
1) NaOEt . 
Each of these groups can be installed via an acetoacetic 2) CHsI H30", heat 
ester synthesis, using methyl iodide and butyl iodide, 
respectively. 
An acetoacetic ester synthesis begins with the A 3) NaOEt Q 
— > 


deprotonation of ethyl acetoacetate (using ethoxide as a 
base). The resulting resonance-stabilized conjugate base E an~] OEE 
is then treated with one of the alkyl halides above, 
thereby installing one of the two alkyl groups. The other 
alkyl group is installed in a similar way (deprotonation 
with a base, followed by alkylation). Subsequent 


21.34. Comparison of carbon skeletons reveals that three carbon atoms have been introduced in this transformation; 
specifically, carbon atoms 8-10 look like acetone and can be installed using an acetoacetic ester synthesis. 


o o o 
SS | ewe 
eee — 97 an OH 
6 4 2 10 8 6 4 2 


That makes carbon 8 the a carbon, so carbon 7 will need to have a leaving group. The necessary alkyl halide will be a 
primary halide and a good substrate for the acetoacetic acid synthesis, provided that the COOH group is deprotonated, 
as indicated in the problem statement. 


The alkyl halide must be made from the alcohol starting material. The mild reagent PBr3 can be used to convert the 
primary alcohol to a primary bromide. 


Putting it all together, we have the following sequence: 
1) CH3NH> 
Pp J iiis E 
a 
HO "Sou 30 o SoH 


io) 
4) H30*, heat 
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21.35. 

(a) The starting material is an o,B-unsaturated ketone, 
which can function as a Michael acceptor (see Table 
21.2), and the reagent (lithium diethyl cuprate) can 
function as a Michael donor. As such, we expect a 
Michael reaction, thereby installing an ethyl group at the 
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CN CN 


B 41) EtpCuLi 
2) H30* 


B position: (c) The starting material is an a,B-unsaturated ester, 
o o which can function as a Michael acceptor (see Table 
21.2), and the reagent (lithium diethyl cuprate) can 
a 4) EtCuLi function as a Michael donor. As such, we expect a 
= Michael reaction, thereby installing an ethyl group at the 
B 2) H30 B position: 
(b) The starting material is an o,f-unsaturated nitrile, O O 
which can function as a Michael acceptor (see Table ei 
21.2), and the reagent (lithium diethyl cuprate) can OEt 1) EtgCuLi OEt 
function as a Michael donor. As such, we expect a 2) H30* 
Michael reaction, thereby installing an ethyl group at the p 
B position: 


21.36. The starting material has an acidic proton, which is removed upon treatment with a strong base, such as 
hydroxide. The resulting resonance-stabilized conjugate base (a doubly-stabilized enolate) functions as a Michael 
donor and attacks the Michael acceptor (an a,ßB-unsaturated ketone). Subsequent acid work-up causes protonation to 
give an enol, which tautomerizes to give a ketone, as shown. 


H 
~ 
@O-H 
H 
= “7 H 
fe) CiOH @o+H fe) OH 
/ 
H 
S ZA 
O O 
| A N 
@® H 
(©) ON O O 
£0. 
H/H 
O O 
21.37. Oo ọ 1) NaOEt 7 
(a) Recall that the malonic ester synthesis is useful for JIL A RX J [R 
creating carboxylic acids that possess either one or two EtO OEt ) HO x 


alkyl groups at the a position: 3) H3O*, heat 
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Therefore, making the desired product via a malonic 
ester synthesis would require installation of the 
following highlighted group: 


wr XK 


a 


Installation of this group via alkylation (as seen in 
Section 21.5) would require a tertiary alkyl halide: 


O 


oe 


However, a tertiary alkyl halide will not undergo an Sn2 
reaction because it is too sterically hindered. So this 
method will not work. The problem statement indicates 
that a Michael reaction can be used to achieve the 
desired transformation. That is, we would use an 
electrophile with the same carbon skeleton as the alkyl 
halide above, but the electrophilic position will be the B 
position of an o,f-unsaturated ketone: 


(@) 
AJ 
B 


This compound can function as a Michael acceptor, 
thereby allowing the desired transformation, as seen in 
the following synthesis: 


1) NaOEt 
O 
O 2 
I A i A 
Eto OEt 3) H30*, heat 
LXI 
HO 


(b) As described in the solution to part (a), the conjugate 
base of diethyl malonate can function as a Michael 
donor. So we must identify the appropriate Michael 
acceptor, shown here: 


The forward scheme is shown here: 


1) NaOEt 
Oo o 2) ae 


P 
E OEt 3) H307, heat 
IL, 
NO 
HO . 


21.38. 

(a) With the following retrosynthetic analysis, we can 
identify the starting reagents necessary to prepare this 
product via a Stork enamine synthesis: 


O O 


NR> ad 


~ o^ 


The forward scheme is shown here. The starting ketone 
is first treated with a secondary amine in acidic 
conditions (with removal of water) to give an enamine. 
This enamine is then used as a Michael donor in a 
Michael reaction with an a,f-unsaturated ketone. 
Aqueous acidic work-up gives the desired product. 


o 1) RoNH, o 
[H*], 
(-H20) 
—— 
oO 
O 
2) sA 
3) H3O* (0) 


[H*], (-H20) 
2) H30* 


NR2 
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(b) With the following retrosynthetic analysis, we can 
identify the starting reagents necessary to prepare this 
product via a Stork enamine synthesis: 


O 


The forward scheme is shown here. The starting ketone 
is first treated with a secondary amine in acidic 
conditions (with removal of water) to give an enamine. 
This enamine is then used as a Michael donor in a 
Michael reaction with an a,B-unsaturated ketone. 
Aqueous acidic work-up gives the desired product. 


1) RoNH, 
(0) [H*], oO 


ee ee (H20) 
O 
O 


3) H3O* 
R2NH, [H*], 
(-H20) 
2) H30* 


NR> 


(c) With the following retrosynthetic analysis, we can 
identify the starting reagents necessary to prepare this 
product via a Stork enamine synthesis: 


O O 
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The forward scheme is shown here. The starting ketone 
is first treated with a secondary amine in acidic 
conditions (with removal of water) to give an enamine. 
This enamine is then used as a Michael donor in a 
Michael reaction with an a,f-unsaturated ketone. 
Aqueous acidic work-up gives the desired product. 


21.39. With the following retrosynthetic analysis, we 
can identify the starting reagents necessary to prepare 
compound 2 via a Stork enamine synthesis: 


Cc 


N 
a= Ny en 
2 


Acrylonitrile 


On = O- 
1 


The forward scheme is shown here. The starting ketone 1 
is first treated with a secondary amine in acidic 
conditions (with removal of water) to give an enamine. 
This enamine is then used as a Michael donor in a 
Michael reaction with an a,f-unsaturated compound, 
acrylonitrile, as the Michael acceptor. Aqueous acidic 
work-up gives the desired product 2. 


1) RoNH, CN 
(> [H*], CH20) 
oOo ———> O 
2) >on 


2 


[H*] 1) 7~on 
(H20) 
2) H30* 
O 
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Now let’s consider the conversion of 2 to 3. You might 
be wondering why a Stork enamine synthesis is used, 
rather than treating compound 2 with LDA, followed by 
an allyl halide. This won’t work, because LDA can 
deprotonate the position that is alpha to the cyano group. 
Therefore, a Stork enamine synthesis is required to 
convert 2 to 3. We can identify the starting reagents 
necessary to prepare compound 3 via a Stork enamine as 
a nucleophile and an alkyl halide as an electrophile. 


© 5> NR> 


| ì 


The forward scheme is shown here. The starting ketone 2 
is first treated with a secondary amine in acidic 
conditions (with removal of water) to give an enamine. 
Note that deprotonation at the less hindered alpha carbon 
is favored to give the less substituted enamine. This 
enamine is then used as a nucleophile in an Sn2 reaction 
with allyl iodide. Aqueous acidic work-up gives the 
desired product 3. 


1) RoNH, i 
[H*], H20) c 
O 
l 
R2NH, 3) H30* 
[H*] 1) 1 
(H0) — 
CN 2) H30* 
NR> 


Ketone 3 can be converted into alkene 4 upon treatment 
with a Wittig reagent, and hydrolysis of the cyano group 
gives the desired carboxylic acid product 5. In the 
literature synthesis, this hydrolysis step was performed 
under basic conditions (like saponification), and under 
those conditions, the product would be deprotonated to 
give a carboxylate ion. Acid workup is necessary in 
order to protonate the carboxylate ion and regenerate the 
carboxylic acid. 


CN Ph3P=CH> CN 
O > 
3 4 / 
vA NaOH, H20 
heat 
COH 
s 2) H30* 


/ 
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21.40. In the presence of a strong base, the B-dicarbonyl compound is deprotonated, giving a resonance-stabilized 
intermediate (doubly stabilized enolate) which then functions as a Michael donor, attacking the B position of the a,f- 
unsaturated ketone in a Michael reaction. The resulting enolate is then protonated, and then subsequently deprotonated 
to give a different enolate (these two steps represent equilibration of the enolates). The new enolate then attacks one of 


the carbonyl groups to initiate an aldol condensation. 


The resulting alkoxide ion is then protonated by water. 


Subsequent deprotonation and loss of hydroxide gives the product. Notice that water functions as the acid for all 
protonation steps, consistent with basic conditions (strong acids are not measurably present under these conditions). 


O 
H 
:OH 
EES 
O 
O 6) 
<_—_—__ 
O 
:0: 
j H 
o> 
\ 
H 
@) 6) 
O.. 
:OH 
O 
HO = HO” 


21.41. A Robinson annulation is comprised of a 
Michael reaction, followed by an intramolecular aldol 
condensation. To determine the starting materials 
necessary to prepare the desired product via a Robinson 
annulation, we draw the following retrosynthetic 
analysis: 


| 


o N oO ae 
C Fe 5 
5 o 


These two steps do not represent two separate reactions. 
A Robinson annulation can be performed in one reaction 
flask, as shown in the following forward scheme: 


H H _ 
O © 


NaOH 


heat \ 
n° 


(0) 
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21.42. 
(a) The product is 1,5-difunctionalized: 


O oO 


Therefore, we consider preparing the product via a 
Michael reaction, which would require the following 
starting materials: 


Oo Oo O 
x 3 I 
=> H AR WN 
Nota 
Michael donor 


Since enolates are not efficient Michael donors, we must 
consider a Stork enamine synthesis (in which we use an 
enamine, rather than an enolate, as a Michael donor). 
The enamine can be made directly from cyclopentanone. 


The forward scheme is shown here: 


1) RoNH, ? O 
[H*], (-H20) 
O 
2) WN 
o 
me i AK 
RoNH, [H*], : 
2)H30 
CH20) pg 
NR2 


(b) The product is 1,3-difunctionalized: 


O o 


Therefore, we consider preparing the product via either 
an aldol reaction or a Claisen condensation. In this case, 
a directed aldol addition, followed by methylation of the 
resulting alkoxide ion (in a Williamson ether synthesis), 
gives the desired product: 


O o of 
1) LDA 
2) PhCHO 
3) CH3I 
1) LDA 
2) PhCHO CHaI 
o œ 


(c) The product is 1,5-difunctionalized: 


OH 


OH 


Therefore, we consider preparing the product via a 


Michael reaction: 
(0) (0) 
OH — Aa 


i. ` 
Gea 


Not a 
Michael donor 


OH 


This strategy will not work, because it involves the use 
of an enolate, which is not an efficient Michael donor. 
Therefore, we consider a Stork enamine synthesis (in 
which we use an enamine, rather than an enolate, as a 
Michael donor). The enamine can be made directly from 
cyclopentanone. 
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OH 


O (0) 
OH — AA 


fe) NR> 
fe) 
geo: xh, 


The forward scheme is shown here: 


1) RoNH, [H"], (-H20) 
Oo 


(0) 2) ŢȚs L, OH 


3) H30* 
4) LiAIH, (2 eq.) 
5) H2O 


1) LIAIH, (2 eq.) 


R2NH, 2) H2O 


[H"], (H20) 


fe) 
NR? 1) J (0) o 
H 
al 


2) H,0* 


21.43. 
(a) The product is 1,3-difunctionalized: 


OH 


OH 


Therefore, we consider preparing the product via either 
an aldol reaction or a Claisen condensation. In this case, 


(b) The product is 1,5-difunctionalized: 
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an aldol addition reaction can be employed, as shown in 
the following retrosynthetic analysis. 


OH O 
H 


a AA 
le 
eo ee A, 


a. The product can be made via reduction of a ß- 
hydroxyaldehyde. 

b. The B-hydroxyaldehyde can be made via an aldol 
addition reaction between two molecules of 
propanal. 

c. Propanal can be made via oxidation of 1-propanol 
with PCC (or DMP or via a Swern oxidation). 


Now let’s draw the forward scheme. Upon treatment 
with PCC, 1-propanol is oxidized to give propanal. 
Treating propanal with sodium hydroxide then gives a B- 
hydroxyaldehyde (via an aldol addition reaction between 
two molecules of propanal). Reduction with LiAlHa, 
followed by water work-up, gives the product. 


oH 1)PCC, OH 
ees) CHCl 
2) NaOH, HzO OH 
3) LiAIH, 
4) H20 
PCG i 
CH>Ch 1) LiAIH, 
2) H2O 
O NaOH OH O 


E OE 


Therefore, we consider preparing the product via a Michael reaction: 


ro A Aan o => aa oe => H o + ae 


Nota 
Michael donor 


This strategy will not work, because it involves the use of an enolate, which is not an efficient Michael donor. 
Therefore, we consider a Stork enamine synthesis (in which we use an enamine, rather than an enolate, as a Michael 
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donor). Both the Michael donor and the Michael acceptor can be made from propanal, which can be made from 1- 
propanol via oxidation with PCC (or DMP or via a Swern oxidation): 


wo bo Syne = ne ad 
\ J 


——> 
@) OH 
The forward scheme is shown here: 
1) [H30"], Bro 
2) pyridine ia 
O 

1) a 

PCC RNH 
H P H2 ——t + H fe) 
CHCl HY 2) H30" 
O x 


e a 
HO OH 2) HO 


(c) The product has two imine groups which can be made from the corresponding dicarbonyl compound upon treatment 
with ammonia in acid-catalyzed conditions (with removal of water): 


H H 
=>> 
UN Nv Oo oO 
H H 


This dicarbonyl compound is 1,3-difunctionalized and can be made from a B-hydroxyaldehyde, which can be made 
from propanal via an aldol addition reaction: 


H H H H 
“QO 4 
=$ y L = Y Daa 
O O oO OH (0) O 

And propanal can be made from 1-propanol via oxidation with PCC (or DMP or via a Swern oxidation). The forward 


scheme is shown here. Notice that the third step of this synthesis employs PCC, rather than chromic acid, to avoid 
oxidation of the aldehyde group. 


1) PCC, CH;Clz H 
E 2) NaOH, HO N ON. 
3) PCC, CH2Clp H~ H 
PCC 4) [H*], NH3, (-H20) 
CH2Cl2 [H*] 
NH3 
4 (-H20) 
H NaOH PCC H 
—__—_—_ — 
H20 O OH CH2Clp 
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21.44. 

(a) Begin by analyzing (1) the C—C framework of both the reactants and the product and (2) the location and identity 
of the functional groups in the product. Notice that the product exhibits 1,5-functionalization resulting from the 
Michael reaction, as well as 1,3-functionalization resulting from the Claisen-type reaction. 


,-difunctionalization 
o 
o o o Y 
+ Ro “ 
mO Aa -r TEON 
fe) 


1 
H 
O 
XLA 
1,3-difunctionalization 


The first reactant is a 1,3-dicarbonyl compound which contains an acidic proton that is removed upon treatment with a 
strong base, such as fert-butoxide, to give a doubly-stabilized enolate. 


O Oo Oo Oo 


t-BuOK 
gh 2k JO 
RO CH3 RO CH 


z 3 

© 

Due to the stability of this enolate, the first step is 1,4-addition (a Michael reaction). The other reactant contains an 
a,B-unsaturated ester capable of participating as a Michael acceptor, giving 1,5-difunctionalization, as shown below. 
Next, notice that a stable 6-membered ring could result if the ketone -CH3 group were deprotonated and the resulting 
enolate attacked the ethyl ester. This is consistent with a Claisen-type condensation (1,2-addition) which would afford 
1,3-difunctionalization. As a final step, deprotonation gives a doubly-stabilized enolate (there is another location where 
deprotonation could also occur to give a doubly-stabilized enolate): 


CH3 
NS 
o o C o H a 
J Eto~ No 
ROT Nh RO © GO RO 7 
o” CH o” “GH 07 \ Eto KOJE 
3o 
O CHs o CH3 o CH3 
RO RO RO 
0O ar A 
Lys 5 
o o7 \ EtO4 No o7 \ EO” No 
Coet ote | a oie 
HA. 
:O 
O CH; Q5 é O CH; 
RO RO ie 
o Lo ar yy o 
H H 


Then, upon acidic work-up (H30°), the doubly-stabilized enolate is protonated to give the observed product: 


H CH3 


O Chg A fe) 
ie 
RO H RO 
— 
o” N o fe) fe) 
Ə 
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(b) Claisen condensations are nucleophilic acyl substitution reactions where the nucleophile is an ester enolate and the 


electrophile is an ester; intramolecular versions are known as Dieckmann condensations. 


This reaction, however, 


involves a ketone enolate (rather than an ester enolate) attacking an ester in a nucleophilic acyl substitution, so neither 


of these names strictly apply. 


21.45. 

(a) This transformation requires the installation of two 
groups (one at the a position and the other at the B 
position). This can be achieved by treating the a,ß- 
unsaturated ketone with lithium dimethyl cuprate, 
thereby installing a methyl group and generating an 
enolate, which is then treated with benzyl iodide to 

SUE 


install a benzyl group: 
O 
oI 


(b) This transformation requires the installation of two 
methyl groups (one at the a position and the other at the 
B position), as well as reduction of the aldehyde group. 
Installation of the two methyl groups can be achieved by 
treating the a,B-unsaturated ketone with lithium 
dimethyl cuprate, followed by methyl iodide. Reduction 
is then achieved with LiAIH4, followed by water work- 
up. 


O 
1) Me2CuLi 


(©) 
1) MegCuLi 
H 2) Mel 
ee OH 
3) LiAIH, 
4) H20 
O 1) LiAIH, 
2) H20 
1) Me2CuLi H 
2) Mel 


(c) This transformation requires the installation of two 
methyl groups (one at the a position and the other at the 
B position), as well as conversion of the aldehyde group 
into an acid halide. Installation of the two methyl groups 
can be achieved by treating the a,f-unsaturated aldehyde 
with lithium dimethyl cuprate, followed by methyl 
iodide. The aldehyde is then converted into an acid 
halide via oxidation with chromic acid (to give a 
carboxylic acid) followed by treatment with thionyl 
chloride. 

Note than the acid chloride group is formed at the end of 
the synthesis, because if it were formed in the beginning 
of the synthesis, then lithium dimethyl cuprate would 
react with the acid chloride group. 


o 1) Me2CuLi o 
— 
>X H 3) Na2Cr207 Cl 
H2504, H20 
4) SOCI; A 
1) MezCuLi Soch 
2) Mel 
O Na2Cr207 O 
— _e 
Ho H504, H2O oü 


(d) If the acetal is hydrolyzed with aqueous acid, the 
resulting o,f-unsaturated ketone can be treated with 
lithium diethyl cuprate, followed by ethyl iodide, to 
install the two ethyl groups in the correct locations. The 
ketone can then be converted back into an acetal upon 
treatment with ethylene glycol under acidic conditions 
(with removal of water). 


[\ 


OL O  1)H30* d o 


2) EbCuLi 
—_—_—_———-Y, 
3) EtI 


4) HOCH2CH20H 


[H*], (-H20) 
H,0* HOCHCH2OH 
o 


[H*], H20) 


o 
1) EbCuLi 
a al 
2) EtI 


(e) The imine can be prepared from the corresponding 
aldehyde: 


H 
Awe => AK. 


This aldehyde can be made from an a,f-unsaturated 
aldehyde, with installation of two methyl groups (one at 
the a position and the other at the B position): 


re. 


——-) 


l 
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The o,B-unsaturated aldehyde can be made from the 
starting material via oxidation with PCC (or DMP or via 
a Swern oxidation). The entire synthesis is summarized 


here: 
1) PCC, CHCl 
IPs, 2) MegCuLi Awe 
3) Mel 
4) MeNH> 
[H*], (-H20) 


O 1) Me,CuLi O 
——— > 
RA 4 2) Mel AK H 


(£) This problem is very similar to the previous problem, 
although the final step is reduction of the aldehyde with a 
Clemmensen reduction to give an alkane. 


z 1) PCC, CH2Ch> 
LO 2) Me2CuLi 
od 
3) Mel 


4) HCI, Zn(Hg), 


PCC, heat HCI, 
CH2Cl2 Zn(Hg), 
heat 


1) Me2CuLi 
— > 
2) Mel 


Orr cr 


21.46. This transformation requires the installation of 
two groups (one at the o position and the other at the B 
position). This can be achieved by treating the a,f- 
unsaturated carbonyl with lithium dimethyl cuprate, 
thereby installing a methyl group and generating an 
enolate, which can then be treated with allyl iodide to 
install an allyl group at the a position, as shown below: 


mo A 
Pa 


Ph 


1) Me2CuLi 
2) ee" 


Me O I 
MeO 
= N Oo 
JI W 
Ph 
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21.47. 

(a) Deprotonation (of the highlighted proton) results in a 
resonance-stabilized enolate ion. Therefore, the 
highlighted proton is the most acidic proton (with a pKa 
just below 20), because its removal leads to a stabilized 


conjugate base. 
O 
on 


(b) This compound does not have an acidic proton, and 
is expected to have a pKa above 20. 


(0) 
on 
(c) Deprotonation (of the highlighted proton) results in a 
resonance stabilized enolate ion. Therefore, the 


highlighted proton is the most acidic proton (with a pKa 
just below 20), because its removal leads to a stabilized 


conjugate base. 
O 
cr H 


(d) Deprotonation (of the highlighted proton) results in a 
resonance stabilized conjugate base (a doubly-stabilized 
enolate). Therefore, the highlighted proton is the most 
acidic proton (with a pKa just below 20), because its 
removal leads to the most stable conjugate base possible. 


H 
Ox ; „O 
(e) Deprotonation (of the highlighted proton) results in 
an alkoxide ion. As such, the compound below is 


expected to have a pKa lower than 20 (see the pKa table 
on the inside cover of the textbook). 


ol 
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21.48. The most acidic proton is connected to the position that is a to two carbonyl groups (in between both carbonyl 
groups). Deprotonation at this location leads to a resonance stabilized conjugate base in which the negative charge is 
spread over two oxygen atoms and one carbon atom). 


H 
Oo. S on ok as E „O “oy On A Ar 


21.49. 

(a) The most acidic proton is connected to the position that is a to both carbonyl groups (in between both carbonyl 
groups). Deprotonation at this location leads to a resonance stabilized conjugate base in which the negative charge is 
spread over two oxygen atoms and one carbon atom). 


oF o ör 266 
Z Cr Ie T 
Ies O OEt OEt OEt 
(b) The most acidic proton is connected to the position that is a to both carbonyl groups (in between both carbonyl 


groups). Deprotonation at this location leads to a resonance stabilized conjugate base in which the negative charge is 
spread over two oxygen atoms and one carbon atom). 


OO 0 
5 o o 0: 
< A a 
OEt ot ot: 
—_\—_P —__> 


(c) The most acidic proton is connected to the position that is a to the carbonyl group as well as the cyano group (in 
between both groups). Deprotonation at this location leads to a resonance stabilized conjugate base in which the 
negative charge is spread over an oxygen atom, a nitrogen atom and a carbon atom). 


oO 


aay ON O a 
[NX C7 C7 


21.50. The most acidic compound is the one that exhibits a position that is a to three carbonyl groups (deprotonation 
of this compound gives a conjugate base in which the negative charge is spread over three oxygen atoms and one 
carbon atom). The next most acidic compound is the one that exhibits a position that is a to two carbonyl groups 
(deprotonation of this compound gives a conjugate base in which the negative charge is spread over two oxygen atoms 
and one carbon atom). Of the remaining two compounds, an alcohol is generally more acidic than a ketone (see the pKa 
table on the inside cover of the textbook). 


Increasing acidity 


(0) o o o o 
yon ~ ~oH AA a 
fe) 
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21.51. 
(a) This enol does not exhibit a significant presence at 
equilibrium. Ketones are generally favored at 


equilibrium. 
; OH 


(b) The following enol does exhibit a significant 
presence at equilibrium because it exhibits conjugation 
as well as intramolecular hydrogen bonding (between the 
oxygen atom of the carbonyl group and the proton of the 
OH group): 


UH 
O O 
AAN 
(c) The following enol does indeed exhibit a significant 


presence at equilibrium, because it is aromatic. 


OH 


In fact, in this case, the ketone does not exhibit a 
significant presence at equilibrium. The aromatic ring is 
so strongly favored, that we cannot detect the ketone 
present in the mixture. 


21.52. Ethyl acetoacetate has two carbonyl groups: 


O (0) 


One of them (left) has only one a position and can 
therefore only form one enol: 


OH O 


m FA 
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The other carbonyl group (right) has two o@ positions and 
can therefore form two different enols: 


In total, there are three enol isomers. 


21.53. 

(a) This compound has only one a position. LDA is a 
strong base and it will deprotonate the compound (at the 
a position), resulting in the following enolate. 


© 

(®] O 
x Cut 
A H 


s9" 


(b) This compound has two a positions. LDA is a 
strong, sterically hindered base, so deprotonation will 
occur at the less substituted position. Deprotonation at 
that position results in the following kinetic enolate: 


Ow oF 
AA Oe 
o a 


(c) This compound has two œa positions. LDA is a 
strong, sterically hindered base, so deprotonation will 
occur at the less substituted position. Deprotonation at 
that position results in the following kinetic enolate: 


zo oF 
De vs 
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21.54. Deprotonation at the highlighted y position results in an anion that has three resonance structures. The negative 
charge is spread over one oxygen atom and two carbon atoms: 


. S , a 


H 


21.55. Deprotonation at the a carbon changes the ketone allows for protonation to occur on either face of 
hybridization state of the a carbon from sp? (tetrahedral) the planar enol, giving a racemic mixture. 

to sp? (planar). When the a position is protonated once 
again, the proton can be placed on either side of the 


planar a carbon, resulting in racemization: H 
fe) “Me 
H 
O 4 
NaOH “Me 
O 
©.. “ARH 
:OH H Y 
20 
CEF 
Me 
=> 


21.56. In acidic conditions, the carbonyl group is first 
protonated, resulting in a resonance-stabilized cation that 
is deprotonated at the a position to give an enol. The 
enol is then protonated at the a position, followed by 
deprotonation. Once again, racemization occurs because 
the chiral center becomes planar (achiral) when the enol 
is formed. Subsequent tautomerization back to the 
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21.57. Each of the starting aldehydes has an a position 
that can be deprotonated, giving two possible enolates: 


(0) oO 
es H wes H 
© 
Enolate of Enolate of 
acetaldehyde pentanal 


So, there are two nucleophiles in solution, as well as two 
electrophiles (acetaldehyde and pentanal), giving rise to 
the following four possible products. In each case, a 
wavy line is used to indicate the bond that was formed as 
a result of the aldol addition reaction: 


HO H O HO H O 


Xs A, VAX H 


AEA 
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21.58. Hexanal has an a position that bears protons, but 
the a position of benzaldehyde does not bear any 
protons. As such, only one enolate can form under these 


conditions: 
Oo 


age S 


© 
Enolate of hexanal 


This enolate is present in solution together with two 
electrophiles (hexanal and benzaldehyde), giving rise to 
the following two possible products. In each case, a 
wavy line is used to indicate the bond that was formed as 
a result of the aldol addition reaction: 


HO H O HO H O 


ve taaie 


21.59. The carbonyl group is protonated, giving a resonance-stabilized intermediate that is then deprotonated to give 


an enol. 
deprotonated to give the product. 


Protonation of the enol results in a resonance-stabilized, benzylic carbocation intermediate that is then 


In the product, the carbonyl group and the aromatic ring are conjugated. However, in the starting material, the carbonyl 
group and the aromatic ring are not conjugated. Formation of conjugation results in a decrease in energy which serves 


as a driving force for formation of the product. 


HO i OH 


2? H~ `H xX 

of OH 

©`H 
i 
® 
H Oh, 
) 
=> 
OH OH 


www.MyEbookNiche.eCrater.com 


874 CHAPTER 21 


21.60. Hydroxide functions as a base and deprotonates the æ position, giving a resonance-stabilized enolate (only the 
more significant resonance structure is drawn below) that is protonated to give an enol. The enol is then deprotonated 
to give another enolate ion, which is then protonated to give the product. 


© 
2 :OH S 
0” OH 
oO.” 
*OH 
O Yor O oF 
‘o 
HO WH CG 4 
=>, 
OH OH OH 
21.61. O 
(a) This compound (acetophenone) has only one a 
position that bears protons. Two molecules of the ketone H A 
are redrawn such that two a protons of one molecule are HH -H20 
directly facing the carbonyl group of another molecule ——> H 
(highlighted). We then remove the two a protons and O 
the oxygen atom, and we replace them with a double H 
bond. In this case, two stereoisomeric products are H 


possible, and we draw the E isomer, rather than the Z 
isomer, because the former has fewer steric interactions. 


(c) This compound is an aldehyde, so there is only one a 
position. Two molecules of the aldehyde are redrawn 


O (0) such that two a protons of one molecule are directly 
H facing the carbonyl group of another molecule 
H (highlighted). We then remove the two a protons and 
H the oxygen atom, and we replace them with a double 
bond. In this case, two stereoisomeric products are 
-H20 possible, and we draw the isomer that exhibits fewer 
steric interactions. 
o H O 
A H 
H o x 
(b) This compound is an aldehyde, so there is only one a ons -HO 
position. Two molecules of the aldehyde are redrawn 2 
such that two a protons of one molecule are directly 
facing the carbonyl group of another molecule H O 


(highlighted). We then remove the two a protons and 
the oxygen atom, and we replace them with a double 


Z 
bond. In this case, two stereoisomeric products are 
possible, and we draw the isomer that exhibits fewer H 


steric interactions. 
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21.62. Trimethylacetaldehyde does not have any a 
protons, and therefore, a base cannot deprotonate the a 
position (the first step of an aldol reaction). As such, this 
compound cannot undergo an aldol reaction. 


O 
a 
Ko 
21.63. 


(a) First identify the carbon-carbon bond (indicated with 
a wavy line below) that is formed as a result of an aldol 
condensation. This double bond must have been formed 
via the loss of two hydrogen atoms and an oxygen atom. 
The B position of the condensation product must have 
originally been a carbonyl group in the starting material: 


O 


Q 
alia 
ie) 
(@) 


(b) First identify the carbon-carbon bond (indicated with 
a wavy line below) that is formed as a result of an aldol 
condensation. This double bond must have been formed 
via the loss of two hydrogen atoms and an oxygen atom. 
The ß position of the condensation product must have 
originally been a carbonyl group in the starting material: 
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a 
A H 


4 


B Y ô 
oO 
j = H 
(E = A 
—o o 


(c) First identify the carbon-carbon bond (indicated with 
a wavy line below) that is formed as a result of an aldol 
condensation. This double bond must have been formed 
via the loss of two hydrogen atoms and an oxygen atom. 
The B position of the condensation product must have 
originally been a carbonyl group in the starting material: 


(0) 


sa I 


TS oi 
A 


21.64. In acidic conditions, the nucleophilic agent must be an enol, rather than an enolate, because enolate ions are 


fairly basic and are therefore incompatible with acidic conditions. 


In the first step, the carbonyl group is protonated, 


giving a resonance-stabilized intermediate, which is then deprotonated at the a position to give an enol. The enol then 
functions as a nucleophile and attacks another protonated carbonyl group. The resulting resonance-stabilized cation is 


then deprotonated to give the aldol addition product. 
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21.65. 

(a) In acidic conditions, the nucleophilic agent must be an enol, rather than an enolate, because enolate ions are fairly 
basic and are therefore incompatible with acidic conditions. The reaction still occurs at the a position, installing a 
bromine atom at that position (a-halogenation), giving the following product. 


o o Bro o o 
JL AL — 
EtO OEt H30 co Don 
Br 


(b) In the first step, the carbonyl group is protonated, giving a resonance-stabilized intermediate, which is then 
deprotonated at the a position to give an enol. The enol then functions as a nucleophile and attacks molecular bromine 
(Br2). The resulting resonance-stabilized cation is then deprotonated to give the product. 


i OW at “on” o cö o 
—— os 
co Aon Boy oe Eto C OEt 
Br 
B 

r Br 
2 

Br 


(c) The product should be more acidic than diethyl malonate because of the inductive effect of the bromine atom, 
which stabilizes the conjugate base. 


21.66. Cinnamaldehyde is an o,f-unsaturated aldehyde, Therefore, cinnamaldehyde can be made from 
so it can be made via an aldol condensation. To benzaldehyde and acetaldehyde, as shown: 
determine the starting materials necessary, first identify 


the carbon-carbon bond (indicated with a wavy line O 
below) that is formed as a result of an aldol o NaOH L 
condensation. This double bond must have been formed (\4 heat H 
via the loss of two hydrogen atoms and an oxygen atom. H oO 
The B position of the condensation product must have I 
originally been a carbonyl group in the starting material: H 
(0) 21.67. 
ss JA (a) The a position of one molecule of the ester is 
os ` H deprotonated, and the resulting enolate functions as a 
nucleophile and attacks the carbonyl group of another 
molecule of the ester. As a result, a carbon-carbon bond 


is formed, giving a tetrahedral intermediate. The 


z 
O carbonyl group is then reformed via loss of an ethoxide 
oj 4 H 4 ion, affording a B-ketoester, as shown: 
H 
H 
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(0) 
o 
co OEt 
Aey 
C8: ce O 


OEt 


o o P 


B a 


This product is deprotonated under the conditions of its 
formation, which is the reason for the acid work-up after 
the reaction is complete (to return the proton). 


(b) The a position of one molecule of the ester is 
deprotonated, and the resulting enolate functions as a 
nucleophile and attacks the carbonyl group of another 
molecule of the ester. As a result, a carbon-carbon bond 
is formed, giving a tetrahedral intermediate. The 
carbonyl group is then reformed via loss of an ethoxide 
ion, affording a B-ketoester, as shown: 


This product is deprotonated under the conditions of its 
formation, which is the reason for the acid work-up after 
the reaction is complete (to return the proton). 


21.68. 


(a) The product is a carboxylic acid that has the 
following (highlighted) group connected to the a 


position: 
O 


This group can be installed via a malonic ester synthesis, 
using benzyl bromide: 


OT 
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A malonic ester synthesis begins with the deprotonation 
of diethyl malonate (using ethoxide as a base). The 
resulting resonance-stabilized conjugate base is then 
treated with benzyl bromide, thereby installing the alkyl 
group. Subsequent hydrolysis and decarboxylation give 
the product, as shown: 


IA 1) NaOEt 
EtO OEt 2) PhCH2Br 


3) H30*, heat 


O Oo 
1) NaOEt H30*, heat 
2) PhCH2Br soon 
Ph 


(b) The product is a carboxylic acid that has two methyl 
groups (highlighted) connected to the a position: 


O 
Los 

Each of these groups can be installed via a malonic ester 
synthesis, using methyl iodide. The reason for using 
methyl iodide (rather than methyl bromide) was 
discussed in the solution to Problem 21.31b. 

A malonic ester synthesis begins with the deprotonation 
of diethyl malonate (using ethoxide as a base). The 
resulting resonance-stabilized conjugate base is then 
treated with methyl iodide, thereby installing the first 


methyl group. The second methyl group is installed in a 
similar way (deprotonation, followed by treatment with 


| 


o 
se a 


methyl iodide). Subsequent hydrolysis and 
decarboxylation give the product, as shown: 
1) NaOEt ô 
JA CHI 
Eto OEt 3) NaOEt OH 
4) CH3I 
1) NaOEt 5) H30*, heat 
2) CHsI H30°, 
heat 


O O 1) NaOEt O 


o 
— > 
2) CHaI 
EtO OEt Eto OEFt 


(c) The product is a carboxylic acid that has two benzyl 
groups (highlighted) connected to the a position: 


alc 
a 
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Each of these groups can be installed via a malonic ester 
synthesis, using benzyl bromide. 

A malonic ester synthesis begins with the deprotonation 
of diethyl malonate (using ethoxide as a base). The 
resulting resonance-stabilized conjugate base is then 
treated with benzyl bromide, thereby installing the first 
benzyl group. The second benzyl group is installed in a 
similar way (deprotonation, followed by treatment with 


benzyl bromide). Subsequent hydrolysis and 
decarboxylation give the product, as shown: 
1) NaOEt 
IA 2) PhCH2Br CoOk 
ort 3) NaOEt Ph Ph 
4) PhCH2Br 
1) NaOEt 5) H30*, heat H30*, 
2) PhCH2Br heat 
(0) O oO 
EtO OEt _ Eto OEt 
ee 
2) PhCH2Br = X ey 
Ph 
21.69. 


(a) The product is a methyl ketone that has a benzyl 
group (highlighted) connected to the a position: 


= wer 


a 


This group can be installed via an acetoacetic ester 
synthesis, using benzyl bromide. 

An acetoacetic ester synthesis begins with the 
deprotonation of ethyl acetoacetate (using ethoxide as a 
base). The resulting resonance-stabilized conjugate base 
is then treated with benzyl bromide, thereby installing a 
benzyl group. Subsequent hydrolysis and decarboxy- 
lation give the product, as shown: 


ioe 1) NaOEt Jods 
a 
tO 2) PhCH2Br Ph 
3) H30*, heat 


1) NaOEt O 


2) PhCH2Br Eto 


Ph 


(b) The product is a methyl ketone that has two methyl 
groups (highlighted) connected to the a position: 


z 


Each of these groups can be installed via an acetoacetic 
ester synthesis, using methyl iodide to install each 
methyl group. 

An acetoacetic ester synthesis begins with the 
deprotonation of ethyl acetoacetate (using ethoxide as a 
base). The resulting resonance-stabilized conjugate base 
is then treated with methyl iodide, thereby installing the 
first methyl group. The second methyl group is installed 
in a similar way (deprotonation with a base, followed by 
alkylation). Subsequent hydrolysis and decarboxylation 
give the product, as shown: 


o o 1) NaOEt S 
IL AL 2) Mel 
OEt 3) NaOEt 
4) Mel 
+ 
1) NaOEt 5) H30” , heat H,0" 
2) Mel heat 
O O O (6) 
1) NaOEt 
OO 
OEt 2) Mel OEt 


(c) The product is a methyl ketone that has the following 
two (highlighted) groups connected to the a position: 


oO 
alc 
a 


Each of these groups can be installed via an acetoacetic 
ester synthesis, using the following halides: 


OT 


An acetoacetic ester synthesis begins with the 
deprotonation of ethyl acetoacetate (using ethoxide as a 
base). The resulting resonance-stabilized conjugate base 
is then treated with one of the halides above, to install 
one of the two groups. The other group is installed in a 
similar way (deprotonation with a base, followed by 
alkylation). Subsequent hydrolysis and decarboxylation 
give the product, as shown: 


1) NaOEt 


2) EtI 
— > 
OEt 3) NaOEt 


4) PhCH2Br 
5) H30*, heat 


TTi 


O O 


1) NaOEt 
2) EtI 


E S NaOEt o o 


OT 
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21.70. Protonation of the isolated m bond gives a tertiary carbocation, which is then deprotonated to give a fully 
conjugated system. Protonation of the carbonyl group then gives a resonance stabilized cation (there are two additional 
significant resonance structures that have not been drawn). This intermediate is then deprotonated to generate 
aromaticity, which is the driving force for this process. 


H 


o | o “O 
So, ‘0: 
/ 2 ®>H H `H 
® 
LN 
i 
® 
HOH 
H H 
OH - oO” @o- 
JO > 


21.71. The reaction conditions suggest an aldol condensation. This compound has three a positions. During an aldol 
condensation, one of the a positions must be deprotonated to give an enolate, which will attack the other carbonyl 
group (in an intramolecular process). But we must decide which of the three possible enolates gives rise to the product, 
as all three possible enolates are expected to be present at equilibrium. If either of the interior a positions is 
deprotonated to give an enolate ion, the resulting intramolecular attack would generate a four-membered ring: 


co O O os 
4 4 


However, the third enolate can participate in an intramolecular attack that gives a six-membered ring: 


oO (0) 
? 


Formation of a six-membered ring is favored over formation of a four-membered ring, because the former is relatively 
strain-free, while the latter is not (and therefore higher in energy). 

Now that we have identified which carbon-carbon bond will be formed during an intramolecular aldol condensation, 
we can draw the product by removing the following two highlighted a protons and the oxygen atom, and we replace 
them with a double bond, giving a product with the molecular formula C12H120: 


O (0) 


H H20 
S aa 
all o Oo 


Il 
x= 
=e 
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21.72. This transformation requires the installation of a 
methyl group at a P position: 


O O 
Aa = 
: B 


We did not learn a way to install a group at the 
B position of a saturated ketone, however, we did learn a 
way to install a methyl group at the B position of an a,ß- 
unsaturated ketone: 


(0) 


sr 


This a,B-unsaturated ketone can be prepared from the 
starting material via bromination at the a position under 
acidic conditions, thereby installing a leaving group, 
which can then be removed in an elimination process 
upon treatment with a base (pyridine): 


O O 
SF 2 Sea 
Br 


The forward scheme is shown here: 


A 


o 
= Jy, 


a 


1) _1)TH30°), Bro Bro 
Tp) pyridine pyridine 

3) Me2CuLi 
4) H30* 


CON 


1) MezCuLi 
2) H30* 


a o 
ridine 
A EUNE ska 
Br 


[H30*], Br2ə 


= A | mo A 
OH 


As mentioned so many times throughout this entire 
course, there are almost always multiple correct solutions 
to a synthesis problem. For example, in this case, the 
desired transformation can be achieved using several 
reactions from previous chapters. The starting ketone 
can be converted into an ester via a Baeyer-Villiger 
oxidation, followed by hydrolysis to give propanoic acid. 
This acid can then be converted to an acid chloride upon 
treatment with thionyl chloride, followed by conversion 
to the product upon treatment with lithium dipropyl 
cuprate: 


O O 
A- or ee 
— 3 
2) H30* 
3) SOCly 
RCO3H 4) ProCuLi ProCuLi 
O 


o 
e 
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21.73. The ester is converted into a B-ketoester via a crossed Claisen condensation. Upon treatment with aqueous acid 
at elevated temperature, the ester group is hydrolyzed and the resulting B-ketoacid (not drawn below) undergoes 
decarboxylation to give acetophenone. A crossed aldol condensation (with formaldehyde) gives an o,B-unsaturated 
ketone. Treating the a,B-unsaturated ketone with lithium diethyl cuprate, followed by water work-up, installs an ethyl 


group at the B position, and removes the unsaturation between the œ and p positions. 


Another crossed aldol 


condensation (with formaldehyde again) gives the final product. 


NaOH, __NaOH, H2O 


heat 


21.74. 
(a) The starting material is a methyl ketone, and the 


reagents indicate a haloform reaction, giving a 
carboxylic acid: 
O oO 
1) NaOH, xs Ip OH 
2MOS + CH 


(b) The starting material is a ketone, and the reagents 
indicate a-bromination, which will only occur at an 
a position that bears protons. In this case, there is only 
one such position. Under these conditions, a bromine 
atom is installed at this a position, to give the following 
product: 


O oO 


Br 
Bro 


— 
CHCOOH 


(c) The starting material is a ketone, and the reagents 
indicate an aldol condensation. The starting ketone has 
only one a position that bears protons, and the reaction 
occurs at this location. To draw the product, two 
molecules of the ketone are redrawn such that two 


O 
P 
OEt Hse 
— 
heat 
NaOH, H20 
Oo 
H A H 
heat 
_ Ve EtoCuLi 
2) H30* 


aprotons of one molecule are directly facing the 
carbonyl group of another molecule (highlighted). We 
then remove the two a protons and the oxygen atom, and 
we replace them with a double bond. In this case, two 
stereoisomers are possible, so we draw the product with 
fewer steric interactions: 


-H20 


21.75. This transformation represents a retro-aldol 
reaction, which occurs via a mechanism that is the 
reverse of an aldol condensation (all the same 
intermediates, but in reverse order). First a hydroxide 
ion functions as a nucleophile and attacks the 
electrophilic B position of the a,ßB-unsaturated ketone. 
The resulting enolate is then protonated to give a ß- 
hydroxyketone. Deprotonation gives an alkoxide ion, 
which then reforms a carbonyl group by expelling an 
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enolate ion as a leaving group. This enolate ion is then 
protonated to give cyclohexanone. Notice that water is 
the proton source for the protonation steps, consistent 
with basic conditions (strong acids, such as hydronium 
ions, are not measurably present under these conditions). 


o o 
A NaOH, H2O 
H OG, 
o 
o o 


21.76. 

(a) Upon treatment with aqueous acid, each of the four 
ester groups is hydrolyzed, giving a compound with four 
carboxylic acid groups, shown here: 


HO OH 
HO OH 


Each of these four carboxylic acid groups is B to a 
carbonyl group, and will therefore undergo 
decarboxylation upon heating. This gives the dione 
shown below, as well as four equivalents of ethanol 
(from hydrolysis) and four equivalents of carbon dioxide 
(from decarboxylation): 


oO o 
COÆt 
H30* 


heat 
COEt 


EtO.C 


+ 4 EtOH 


EtO.C +4CO2 


(b) The starting material is a diester. Upon treatment 
with ethoxide, an intramolecular Claisen condensation 
(followed by acid work-up) gives a f-ketoester via 
formation of a ring. Upon heating with aqueous acid, the 


B-ketoester is hydrolyzed to a B-ketoacid (not shown), 

which then undergoes decarboxylation (under the 

conditions of its formation) to give the ketone shown 

below. Notice that the configuration of each chiral 

center remains unchanged because the chiral centers are 
3) H30°, 


not involved in the reaction. 
CIs 
FON heat 


1) NaOEt H30* 
2) H30* heat 


(c) The starting material is an unsymmetrical ketone. 
Treatment with bromine in aqueous acidic conditions 
gives a-bromination, which is expected to occur at the 
more substituted position. Subsequent treatment of the 
resulting a-bromoketone with pyridine (a base) gives an 
elimination reaction to afford an a,f-unsaturated ketone. 
Treatment of the a,B-unsaturated ketone with lithium 
diethyl cuprate, followed by methyl iodide, achieves the 
installation of an ethyl group at the B position and a 
methyl group at the a position: 


re 


[H*], Bro 


T Et 1) NaOEt 
2) H30 


1) [H*] , Bro O 


2) pyridine 
—— 


3) EtCuLi 

4) Mel 
1) EtpCuLi 
2) Mel 


O (0) 


pyridine 
Br 


— 
(d) The starting material is an unsymmetrical ketone, and 
LDA is a strong, sterically hindered base. At low 
temperature, LDA will irreversibly deprotonate the 
ketone at the less substituted a position to give the 
kinetic enolate. Subsequent treatment of the enolate with 
ethyl iodide will install an ethyl group at this æ position: 


(0) O 
1) LDA, -78°C 


rr 


2) EtI 
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21.77. 

(a) One strategy for achieving the desired transformation 
derives from the following retrosynthetic analysis. An 
explanation of each of the steps (a-d) follows. 


Waa’ 


O (@) d 


oO O 
OEt 
Se ee aes 
EtO OEt 


a. The product can be made from 2-methylcyclo- 
hexanone via alkylation of an a position (with LDA 
as the base, to control the regiochemical outcome). 

b. 2-Methylcyclohexanone can be made from 
cyclohexanone via alkylation of an a position. 

c. Cyclohexanone can be made from a f-ketoester via 
hydrolysis and subsequent decarboxylation. 

d. The f-ketoester can be made from the starting 
material via a Dieckmann cyclization. 


Now let’s draw the forward scheme. Treating the starting 
diester with ethoxide, followed by acid work-up, gives a 
B-ketoester via a Dieckmann cyclization. Upon 
treatment with aqueous acid and heat, the B-ketoester is 
hydrolyzed to give a B-keto acid, which then undergoes 
decarboxylation to give cyclohexanone. Two subsequent 
alkylation processes will install the two methyl groups. 
The choice of base in the first alkylation is not so critical, 
because cyclohexanone is symmetrical (both a positions 
are identical). But during the second alkylation process, 
LDA must be used at low temperature, in order to install 
the methyl group at the less substituted a position (via 
the kinetic enolate). 


1) NaOEt o 
2) H30* 


EE 0 3) H30*, heat 
— 

EtO OEt 4) LDA 

5) Mel 

1) NaOEt 

2) H30* 


O O 


2) Mel 


fe) 
OEt 
n fe) 
H30"" 4) LDA 
heat e 


Alternatively, and perhaps more efficiently, installation 
of the first methyl group can be performed immediately 
after the Dieckmann cyclization (before hydrolysis and 
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decarboxylation). In this way, the anionic product of the 
Dieckmann cyclization (without acid work-up) is used as 
a nucleophile to attack methyl iodide in an Sn2 process, 
thereby installing the first methyl group, as shown. 


fe) 
1) NaOEt 


O 
2) Mel 


O 
ee ee 


(b) The product can be made via two successive aldol 
condensation reactions, one of which is intramolecular 
and the other is intermolecular: 


H H 
+ 
O O 
Ph Ph 


The entire transformation can be achieved in one 
reaction flask, by treating the starting material with the 
dione above in basic conditions. 


NaOH 
Ph Ph 


\ Ph Ph 


(c) The product is 1,5-difunctionalized: 


O (0) 
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Therefore, we consider preparing the product via a 
Michael reaction: 


O O 


TN 


Not a 
Michael donor 


This strategy will not work, because it involves the use 
of an enolate, which is not an efficient Michael donor. 
Therefore, we consider a Stork enamine synthesis (in 
which we use an enamine, rather than an enolate, as a 
Michael donor). The enamine can be made directly from 
the starting material (acetophenone). 


The forward scheme is shown here: 


© 1) R2NH, [a] O 
[H*], 
(-H20) 
O 
4) sA 
3) H3O* O 
9 eo 
NR2 + 
R2NH; 2) H30 
[H], 
(-H20) 
21.78. 


(a) This transformation involves installation of an ethyl 
group at the a position of a ketone. A strong base is 
used to deprotonate the a position, giving an enolate, 
which is then treated with ethyl iodide to give the 
product via an Sn2 reaction. 


1) LDA 
— 


2) EtI 


(b) This transformation requires the installation of an 
ethyl group at a B position: 


O O 
a 
— 
B B 


We did not learn a way to install an alkyl group at the 
B position of a saturated ketone, however, we did learn a 
way to install an alkyl group at the B position of an a,B- 
unsaturated ketone: 


O O 
Ce = Q 
B B 


This o,f-unsaturated ketone can be prepared from the 
corresponding a-bromoketone upon treatment with a 
base (pyridine). And the a-bromoketone can be made 
from the starting material via a-bromination under acidic 


conditions: 
O O O 
Br 
=— = 


The forward scheme is shown here: 
O 


1) Bra, [H30*] 
a 


7 


2) pyridine 
3) EtpCuLi 
4) H30* 
1) EtpCuLi 
Bro, [H30*] a 
2) H30 


O O 
B 
Cy r pyridine Ô 
—— 


(c) The product is a ketone with alkyl groups at the a 
and B positions, which could have been installed by 
treating the following a,f-unsaturated ketone with 
lithium diethyl cuprate, followed by methyl iodide: 


oO O 
X 
This &,ßB-unsaturated ketone can be prepared from the 


corresponding a-bromoketone upon treatment with a 
base (pyridine). And the a-bromoketone can be made 
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from the starting material via a-bromination under acidic The forward scheme is shown here: 


conditions: 
Oo 
(0) 1) RoNH, 
__ TH"), CH20) | 1. (- = 
O 
3) H SAN 9 
i va A 
RNH 


The forward scheme is shown here: 
oO 
[HL CHo)  ŅR2 A 
1) Bro, [H3O*] 
Ô 2) pyridine oe 


3) EtpCuLi 
4) Mel 
+ 1) EtgCuLi (e) The product is a ketone that exhibits a,B-unsaturation 
Bre, [H30"] 2) Mel on either side of the carbonyl group. This suggests two 


aldol condensation reactions, one at each a position of 
the starting ketone (cyclohexanone): 


O 
B 
Cy j „pyridine = Â 


(d) The product is 1,5-difunctionalized: 
O 


(©) 


Therefore, we consider preparing the product via a 
Michael reaction: 


Both aldol condensation reactions can be performed in a 


(0) 
ne O S single reaction flask, by treating cyclohexanone with 
=> + excess benzaldehyde under basic conditions: 
(0) (0) 


Not a 
Michael donor 
NaOH, H20, heat 
This strategy will not work, because it involves the use 


ae d f i (\4 
of an enolate, which is not an efficient Michael donor. 
Therefore, we consider a Stork enamine synthesis (in 
which we use an enamine, rather than an enolate, as a 2 


Michael donor). The enamine can be made from the 
starting ketone upon treatment with a secondary amine 
under acid-catalyzed conditions (with removal of water): 


IA 5 Sh 
\ 


O O O 


(£) The product is 1,5-difunctionalized: 


OEt 
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Therefore, we consider preparing the product via a 
Michael reaction: 


j OL, 


Nota 
Michael donor 


This strategy will not work, because it involves the use 
of an enolate, which is not an efficient Michael donor. 
Therefore, we consider a Stork enamine synthesis (in 
which we use an enamine, rather than an enolate, as a 
Michael donor). The enamine can be made from the 
starting ketone upon treatment with a secondary amine 
under acid-catalyzed conditions (with removal of water): 


O O 
ao 


The forward scheme is shown here: 


o o o 
1) RoNH, 
[H*], (-H20) OEt 
— > 
O 
2) 
x OEt 
3) H30* 
NR2 o 
[H*], (-H20) OEt 
2) H,0* 


(g) Two subsequent alkylation processes will install the 
two methyl groups. The choice of base in the first 
alkylation is not so critical, because cyclohexanone is 
symmetrical (both a positions are identical). But during 
the second alkylation process, LDA must be used at low 
temperature, in order to install the methyl group at the 
less substituted o position (via the kinetic enolate). 


1) LDA O 
2) Mel 
3) LDA, -78°C 
4) Mel 
1) LDA, 
1) LDA -78°C 
2) Mel Ay 2) Mel 


21.79. LDA is a strong, sterically hindered base, and it 
will irreversibly deprotonate the cyclohexanone (at the a 
position) to give an enolate. The ketone is symmetrical, 
so deprotonation at either a position leads to the same 
enolate ion. When treated with an ester, the enolate ion 
will attack the ester, to give a tetrahedral intermediate, 
which reforms the carbonyl group by expelling ethoxide. 
The resulting -dicarbonyl compound is then 
deprotonated to give a doubly-stabilized enolate. Indeed, 
the formation of this resonance-stabilized anion is a 
driving force for this reaction. After the reaction is 
complete, an acid is required to protonate this anion. 


1) LDA 
O 2) o o o 
a S 
3) H30* 


AS resonance-stabilized 
OEt o 
EtO: 


21.80. LDA is a strong, sterically hindered base, and it 
will irreversibly deprotonate the cyclohexanone (at the a 
position) to give an enolate. The ketone is symmetrical, 
so deprotonation at either a position leads to the same 
enolate ion. When treated with a carbonate, the enolate 
ion will attack the carbonate, to give a tetrahedral 
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intermediate, which reforms the carbonyl group by 
expelling ethoxide. The resulting B-ketoester is then 
deprotonated to give a doubly-stabilized enolate. Indeed, 
the formation of this resonance-stabilized anion is a 
driving force for this reaction. After the reaction is 
complete, an acid is required to protonate this anion. 


1) LDA 


o 
on ee OEt 
——— 
3) HzO* 
© 


21.81. LDA is a strong, sterically hindered base, and it 
will irreversibly deprotonate the ester (at the a position) 
to give an ester enolate. When treated with a ketone, the 
enolate ion will attack the ketone, to give an alkoxide 
ion. After the reaction is complete, an acid is required to 
protonate this alkoxide ion. 
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21.82. 
(a) The following mechanism is consistent with the 


description in the problem statement. 
Ra 


m 1) LDA 
a, < 2)R—X 


we a 


(b) Benzyl bromide is converted into a nitrile (via an 
Sn2 reaction in which cyanide functions as a 
nucleophile). This nitrile can then undergo two 
successive alkylation processes, installing two methyl 
groups at the a position. Hydrolysis of the nitrile then 
gives a carboxylic acid. 


1) NaCN 


2) LDA ay 
Br 3) CHsI 
4) LDA O 
fo 


oe 


1) LDA 
2) CH3I 


1) LDA CN 


21.83. 

(a) A retrosynthetic analysis reveals the Michael donor 
(stabilized nucleophile) and Michael acceptor that are 
responsible for formation of the carbon-carbon bond that 
is indicated with a wavy line: 


O oO oO (©) 
mR O sA 
=> +t Michael 
fe) re) acceptor 


Michael donor 


(b) A retrosynthetic analysis reveals the Michael donor 
(stabilized nucleophile) and Michael acceptor that are 
responsible for formation of the carbon-carbon bond that 
is indicated with a wavy line: 


Michael donor acceptor 
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(c) A retrosynthetic analysis reveals the Michael donor 
(stabilized nucleophile) and Michael acceptor that are 
responsible for formation of the carbon-carbon bond that 
is indicated with a wavy line: 


OEt OEt 
oO oO 
= © + 
\ Naa 
O NO2 O ; 
OEt OEt Michael 
acceptor 


Michael donor 


(d) A retrosynthetic analysis reveals the Michael donor 
(stabilized nucleophile) and Michael acceptor that are 
responsible for formation of the carbon-carbon bond that 
is indicated with a wavy line: 


OEt OEt 
o o 
o 
ov, = B \ 4 
H 


Michael 
acceptor 


Michael donor 


(e) A retrosynthetic analysis reveals the Michael donor 
(stabilized nucleophile) and Michael acceptor that are 
responsible for formation of the carbon-carbon bond that 
is indicated with a wavy line: 


S] 
ONS No, => O2N—CH2 + Z~NO> 


Michael 
donor 


Michael 
acceptor 
21.84. 

(a) The conjugate base of diethyl malonate functions as 
a nucleophile and attacks propyl bromide in an Sn2 
process, expelling bromide as a leaving group, and 
giving the following product: 


© © 
m 


(b) The conjugate base of diethyl malonate functions as a 
nucleophile and attacks the epoxide at the less 
substituted (more accessible) position, thereby opening 
the epoxide and forming an alkoxide ion. Acid work-up 
converts the alkoxide ion into an alcohol, as shown: 


—> 
B 


Ss EtO OEt 


OEt 


(c) The conjugate base of diethyl malonate functions as a 
nucleophile and attacks the acid chloride to give a 
tetrahedral intermediate, which expels a chloride ion to 
reform a carbonyl group (via a nucleophilic acyl 
substitution reaction): 


(d) The conjugate base of diethyl malonate functions as a 
nucleophile and attacks the B position of the a,f- 
unsaturated ketone. The resulting enolate is converted 
back into a ketone upon treatment with aqueous acid, 
giving the following product: 


B 
oO O 
P 
EtO 


O O 


ee 


© 


Oo o 
% 
Eto” 1 ~OEt H30* 
O 


(e) The conjugate base of diethyl malonate functions as 
a nucleophile and attacks benzyl iodide in an Sn2 
process, expelling iodide as a leaving group, and giving 
the following product: 


OEt 
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(f) The conjugate base of diethyl malonate functions as a 
nucleophile and attacks the B position of the a,f- 
unsaturated nitrile. The resulting intermediate is 
converted back into a nitrile upon acid work-up, giving 
the following product: 


N 
H OW 8 § 
so AL 


$ EtO OEt 
SOE 
o o C 
N 
EtO OEt H30* © 

C 
IIl 
N 


(g) The conjugate base of diethyl malonate functions as 
a nucleophile and attacks the acid anhydride to give a 
tetrahedral intermediate, which expels an acetate ion to 
reform a carbonyl group (via a nucleophilic acyl 
substitution reaction): 


OEt 


This compound is deprotonated under these conditions 
(by the acetate ion, which can function as a base), which 
serves as a driving forced to push the reaction to 
completion. Then, acid workup gives the proton back, 
regenerating the product shown above. 


(h) The conjugate base of diethyl malonate functions as 
a nucleophile and attacks the B position of the a,f- 
unsaturated nitro compound. The resulting intermediate 
is converted back into a nitro compound upon acid work- 
up, giving the following product: 
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set et ee Eto OEt 
© 
o~@~O 
o © 
EtO OEt H30* 
NO» 


21.85. A Robinson annulation is comprised of a Michael 
addition, followed by an intramolecular aldol 
condensation, as shown: 


O O 
X >, —_ eo 
— 
O O O 
NaOH 


NaOH, heat 
Michael Add 
Addition O Condensation 
21.86. A Robinson annulation is comprised of a 


Michael reaction, followed by an intramolecular aldol 
condensation. To determine the starting materials 
necessary to prepare the desired product via a Robinson 


annulation, we draw the following retrosynthetic 
analysis: 
Oo 
Intramolecular 
os 28, 
Oo 
[e) 
Michael 


ohhh 


These two steps do not represent two separate reactions. 
A Robinson annulation can be performed in one reaction 
flask, as shown in the following forward scheme: 


oO 
NaOH 
—— 
O 
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21.87. Notice the similarity between this transformation 
and an aldol condensation: 


NO» 
NO 
H 
H S 
oo 
fe) 
H_ O 
H_ O 
H 
H Aldol NS 
— > 


Indeed, we will draw a mechanism (below) that is 
extremely similar to the mechanism of an aldol 
condensation. In the first step, hydroxide functions as a 
base and deprotonates the position adjacent to the nitro 
group, giving a resonance-stabilized conjugate base 
(much like an enolate). This conjugate base can function 
as a nucleophile and attack cyclohexanone, giving an 
alkoxide ion. Protonation of the alkoxide ion gives an 
alcohol. Deprotonation, followed by loss of hydroxide, 
gives the product. Notice that the protonation step 
employs water as the proton source, consistent with basic 
conditions (strong acids, such as hydronium, are not 
measurably present): 


NO32 NO> 


VV NaOH, H20 DNS 
— 
Heat 


Söp | 


(0) 
z 
O OHI 
ON 40O 
R aN 5 O2N OH 


21.88. There are certainly many acceptable solutions to 
this problem. One such solution derives from the 
following retrosynthetic analysis. An explanation of 
each of the steps (a-c) follows. 


O O 


a. The product has seven carbon atoms, while the 
starting material only has six carbon atoms. The 
extra carbon atom can be installed in the last step of 
the synthesis, via a Michael addition (between a 
lithium dialkyl cuprate and an œ,ßB-unsaturated 
ketone). 

b. The a,B-unsaturated ketone can be made via an 
intramolecular aldol condensation, starting the 
appropriate dicarbonyl compound. 

c. The dicarbonyl compound can be made from the 
starting material via ozonolysis. 


Now let’s draw the forward scheme: 


o 
1) O3 
en 
> 
3) NaOH, H20, heat 
4) Me,CuLi 
1)O3 5) H30* [» Me>CuLi 
2) DMS 2) H30* 
o 
fe) o 


NaOH, H20 


—— 
H Aane heat 


21.89. A ketone generally produces a strong signal at 
approximately 1720 cm! (C=O stretching), while an 
alcohol produces a broad signal between 3200 and 3600 
cm! (O-H stretching). These regions of an IR spectrum 
can be inspected to determine whether the ketone or the 
enol predominates. 


21.90. Under acidic conditions, one of the OH groups is protonated. If the middle OH group is protonated, the 
resulting leaving group (water) can leave to give a secondary carbocation. A hydride shift then gives a resonance- 
stabilized cation that is deprotonated to give a hydroxyaldehyde. Protonation of the OH group (to give a good leaving 
group), followed by an E2 process, gives the product. In this last step, an E2 process is more likely than an E1 process, 
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because the latter would involve formation of a primary carbocation. Notice that water is the base for the deprotonation 
steps, consistent with acidic conditions (strong bases, such as hydroxide, are not measurably present under these 


conditions). 


. PaT 
ls a 

H 
Ti 
So? 
H/H 

a T 
H "O° 
| Pal 
wl sy on 


- HO 


D E a 


HON T Hoar Se 


acrolein 


21.91. Upon treatment with aqueous acid, the nitrile is 
hydrolyzed to give a ß-ketoacid, which undergoes 
decarboxylation at elevated temperature to give the 
following ketone: 


Oo O 
CN 
H30* 
heat t GO 
C10H100 
O Oo 
H 30° OH heat 
heat 


21.92. Using the strategy described in the problem 
statement, the desired lactone can be made if we use the 
following epoxide, instead of ethylene oxide: 


O 


The synthesis, as described in the problem statement, is 
shown here (follow the location of the cyclohexyl 


group): 


fe) (0) O 
1) NaOEt Q, 
—— 
Eto OE Oo 


3) H30* H30* 
1) NaOEt heat 
(0) 
2) 
HO 
OH 
(0) (0) 
EtO OEt 
Oo 
o o H30* 
heat 
HO OH (C02) 
OH 
H30* 
heat 
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21.93. Upon treatment with aqueous acid at elevated 
temperature, the ester group is hydrolyzed to a 
carboxylic acid group, and the acetal is hydrolyzed to a 
ketone. Under these conditions, the resulting B-keto acid 
undergoes decarboxylation to give the ketone shown 
below: 


+ CO2 


o o &10H190 


H30* OH heat 
heat 
21.94, 


(a) One strategy for achieving the desired 
transformation derives from the following retrosynthetic 
analysis. An explanation of each of the steps (a-c) 
follows. 


H H 

ans a OH OH H 

Le = i 
XS 

o o c Oo OH 

ro aes ees 


a. The product is a cyclic acetal, which can be 
prepared from a diol and formaldehyde. 

b. The diol can be made via reduction of a ß- 
hydroxyaldehyde. 

c. The B-hydroxyaldehyde can be made via an aldol 
addition reaction between two molecules of 
acetaldehyde. 


H 


Now let’s draw the forward scheme. Upon treatment 
with sodium hydroxide, acetaldehyde will undergo an 
aldol addition reaction, giving a B-hydroxyaldehyde. 
Reduction with LiAlIH4, followed by water work-up, 
gives a diol, which can be then be converted into the 
desired acetal upon treatment with formaldehyde in acid- 
catalyzed conditions (with removal of water). 


H H 
o 
A 1) NaOH, H20 aso 
H 2) LIAIH4 ae 
NaOH DHO 
4) CH20, [H*], 
H20 HH 
H_ H 
H 
— 
H 2) HzO 


C H20) 


(b) One strategy for achieving the desired transformation 
derives from the following retrosynthetic analysis. An 
explanation of each of the steps (a-c) follows. 


ae a OH OH H 
ig Te 
A 
o o 5 O OH 
e a = ne 4 


a. The product is a cyclic acetal, which can be 
prepared from a diol and acetaldehyde. 

b. The diol can be made via reduction of a ß- 
hydroxyaldehyde. 

c. The B-hydroxyaldehyde can be made via an aldol 
addition reaction between two molecules of 
acetaldehyde. 


Now let’s draw the forward scheme. Upon treatment 
with sodium hydroxide, acetaldehyde will undergo an 
aldol addition reaction, giving a B-hydroxyaldehyde. 
Reduction with LiAlHs, followed by water work-up, 
gives a diol, which can be then be converted into the 
desired acetal upon treatment with acetaldehyde in acid- 
catalyzed conditions (with removal of water). 


Ba 
1) NaOH, H20 
z= 


oO (0) 


2) LIAIH4 bc ee 
3) H2O 
NaOH  4)CH3CHO, [H*], : 
HO LO [H*] 
H 
O OH OH OH Da 
1) LiAIH, 
AK ee i 
H eer, (- H20) 


21.95. 

When treated with aqueous acid, both compound A and 
compound B undergo racemization at the a position (via 
the enol as an intermediate). Each of these compounds 
establishes an equilibrium between cis and trans isomers. 
But the position of equilibrium is very different for 
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compound A than it is for compound B. The equilibrium 
for compound A favors a cis configuration, because that 
is the configuration for which the compound can adopt a 
chair conformation in which both groups occupy 
equatorial positions. The equilibrium for compound B 
favors a trans configuration, because that is the 
configuration for which that compound can adopt a chair 
conformation in which both groups occupy equatorial 
positions. 


21.96. The problem statement indicates that oxidation of 
the alcohol with PCC gives an aldehyde, which indicates 
that the alcohol must be primary. There are only two 
primary alcohols with the molecular formula C4H100: 


7; 


Oxidation of the first compound (1-butanol) gives 1- 
butanal, which is expected to produce four signals in its 
'H NMR spectrum. In contrast, oxidation of the second 
compound (2-methyl-1-propanol) is expected to produce 
an aldehyde that exhibits only three signals in its 'H 
NMR spectrum: 


o 
ia bi PCC ka 4 


Upon treatment with aqueous sodium hydroxide, this 
aldehyde is deprotonated to give an enolate ion that can 


NMN 
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function as a nucleophile and attack the carbonyl group 
of another molecule of the aldehyde: 


CG O 
y Ns H 


As a result, a carbon-carbon bond is formed. The 
resulting alkoxide ion is then protonated to give a ß- 
hydroxy aldehyde, as shown: 


OH O 
NaOH, H20 
— 


21.97. Treatment of acetaldehyde with aqueous sodium 
hydroxide results in a B-hydroxy aldehyde that can be 
converted into the desired diol via reduction with 
LiAlH;, followed by water work-up, as shown: 


1) NaOH, H2O 
JL 2) LiAIH, L 
a 320 = 
1) LiAIH 
NaOH, HO OH O 2) H20 i 


Pou 


21.98. Protonation of the carbonyl group gives a resonance-stabilized cation, which is then deprotonated to give the 


product. This process is an example of tautomerization: 


H 
hy. a 
O O o 
AAA nes 
T 
Roe 
OL 
H^ `H 
@_LH eH 
O :O 
D C 
AA KNIN 
Ph Ph 
-_\P 


OH 


Ph 
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21.99. A retro-aldol reaction opens the ring into an acyclic diketone, which then closes up again via an intramolecular 
aldol condensation: 


oO (0) o 
oO 
retro-aldol L ca S aldol 
(0) 


The retro-aldol process proceeds via a mechanism similar to the mechanism seen in the solution to Problem 21.22. In 
the first step, hydroxide attacks the B position of the a,B-unsaturated ketone, giving an enolate. The enolate is then 
protonated to give a B-hydroxyketone, which is subsequently deprotonated to give an alkoxide ion. The carbonyl group 
is then formed, with loss of an enolate as a leaving group. The resulting enolate is then protonated to give the diketone. 
Then, an intramolecular aldol reaction occurs, thereby closing a six-membered ring. First, hydroxide functions as a 
base, giving a new enolate. This enolate ion is a nucleophilic center, and it will attack the carbonyl group present in the 
same structure (an intramolecular process), thereby closing a five-membered ring. The resulting alkoxide ion is then 
protonated to give a B-hydroxy ketone. Hydroxide then functions as a base again, deprotonating the a position. The 
resulting enolate then ejects a hydroxide ion, giving the condensation product, as shown. Notice that each of the 
protonation steps employs water as the proton source, consistent with basic conditions (strong acids are not measurably 
present under these conditions). 


oO 


21.100. 

(a) Hydroxide functions as a base and deprotonates the a position of the ketone, giving an enolate. The enolate then 
functions as a nucleophile in an intramolecular Michael addition, attacking the B position of the o,B-unsaturated 
ketone. The resulting enolate ion is then protonated to give a ketone, which is then further deprotonated to give a new 
enolate (all possible enolates are present at equilibrium). This enolate then attacks the other carbonyl group in an 
intramolecular attack, giving an alkoxide ion, which is then protonated to give the product. Notice that each of the 
protonation steps employs water as the proton source, consistent with basic conditions (strong acids are not measurably 
present under these conditions). 
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(b) Ethoxide functions as a base and deprotonates an a position, giving an enolate. The enolate then functions as a 
nucleophile in an intramolecular Michael addition, attacking the ß position of the other a,B-unsaturated ketone. The 
resulting enolate ion is then functions as a nucleophile in another intramolecular Michael addition, attacking the B 
position of the a,f-unsaturated ketone. The resulting enolate is then protonated to give the product. Notice that each 
of the protonation steps employs ethanol as the proton source, consistent with basic conditions (strong acids are not 
measurably present under these conditions). 
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21.101. Direct alkylation would require performing an 
Sn2 reaction on a tertiary substrate, which will not occur. 
Instead the enolate would function as a base and E2 
elimination would be observed instead of Sn2. The 
desired transformation can be achieved via a directed 
aldol condensation, followed by a Michael addition, as 
shown: 


1) LDA 
o 6 o 
a 
> 
3) H30*, heat 
4) Me,CuLi 
5) H30* / 1) MesCuLi 
2) H30* 
o ) H3 
ZA 


3) H30*, heat 


21.102. There are certainly many ways to achieve this 
transformation, which involves a change in the carbon 
skeleton. We begin by considering a directed aldol 
condensation, followed by reduction: 


fe) fe) 
H O — Aldd S 
+ — r 
© 
HO 7 HO | 
fe) 
HO 


This strategy suffers from a fatal flaw. The phenolic OH 
group is more acidic than acetone. Therefore, it is not 
possible to form the enolate of acetone without first 
deprotonating the phenolic OH group. And 
deprotonation in that location would generate a 
resonance stabilized anion, in which the negative charge 
is spread over several positions including the oxygen 
atom of the carbonyl group, thereby deactivating the 
aldehyde group as an electrophile. This obstacle can be 
circumvented by protecting the OH group before the 
desired transformation is performed, and then 
deprotecting with TBAF at the end of the synthesis (see 
Section 12.7). 


(0) fe) 
1) TMSCl, 
H ERN 
— 5 
HO 2)NaOH, Ho 
H20, 
TMSCI, heat, TBAF 
EtaN (CH3)2CO 
3) Hp, Pt o 
O 4) TBAF 
H 
TMSO i Ho, Pt 
TMSO 
NaOH, o 
H20 ae 
heat, 


21.103. 

(a) The desired product is an ester, which can be made 
from the corresponding carboxylic acid via a Fischer 
esterification: 


O 6) 
oo =a sr ie 


The carboxylic acid can be made with a malonic ester 
synthesis, as shown in the following scheme: 


O 
IA 1) NaOEt 
— 
EtO OEt 2) ~~” Br OEt 
3) H30°, heat [H*] 
1) NaOEt 4) [H*], EtOH, (-H20) EtOH, 
2) ee (-H20) 


3) H30*, heat 
Oo 


<a 


(b) The desired product is a primary alcohol, which can 
be made from the corresponding carboxylic acid via 
reduction: 


o 
Wo | ee 


This carboxylic acid can be made with a malonic ester 
synthesis, as shown in the following scheme: 
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1) NaOEt 
(0) 
IA 2) PhCH2Br 
EtO OEt 3)H30*, heat Ph NxN on 
4) xs LiAIH, 
1) NaOEt 5) H20 
2) PhCH2Br 1) xs LiAIH, 
3) H30*, heat 2) H2O 
(0) 


Fe 


(c) The desired product is an amide, which can be made 
from the corresponding carboxylic acid (via an acid 
halide), as shown: 


o o 
awk NH> = ee 


This carboxylic acid can be made with a malonic ester 
synthesis, as shown in the following scheme: 


1) NaOEt 
Oo 
IA 2) =: = pap N 
Eto OEt 3) H30*, R NH2 
heat 
1) NaOEt 4) SOCh ve 
om 5) excess NH3 ASNS 
2)R Br 


3) H30*, heat 


m soch O 
e 
R OH R cI 


21.104. When a dibromide is used (rather than two 
separate alkyl halides), a cyclic product is expected, as 
shown: 
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21.105. 
(a) The desired product is an acetal, which can be made 
from the corresponding ketone: 


TE. o 
A S 


This ketone can be made from ethyl acetoacetate via an 
acetoacetic ester synthesis, as shown in the following 
scheme: 


AL 1) NaOEt O O 
OF NA g Sn” AA 


3) H30*, heat 


1) NaOEt 4) HOCH2CH20H, HOCH>CH-OH 
2) [H], (- H20) tL 
NX Br (-H20) 
oO O 
O 


H30*, heat 
——————E 


(b) The desired product is an alcohol, which can be made 
from the corresponding ketone via a reduction process: 


OH O 
C co 
This ketone can be made from ethyl acetoacetate via an 


acetoacetic ester synthesis, as shown in the following 
scheme: 


1) NaOEt On 
2) PhCH2Br 
JIA 3) H30*, heat 
— r 
OEt 4) LiAIH, 
5) H2O 
1) NaOEt 1) LiAIH, 


2) H20 
Cr ) H2 
O 


oO O 
H;0* 
OEt heat 
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(c) The desired product is an imine, which can be made 1) NaOEt 
from the corresponding ketone: 2) Br NH 
NH O oO oO 
— 
3) H30*, heat 
OEt 
=> 4) [H*], NH3, 
(H20) 

This ketone can be made from ethyl acetoacetate via an 1) NaOEt [H*], NH3, 
acetoacetic ester synthesis, as shown in the following 2) B (H20) 
scheme: oe r 


OEt H30*, heat 
— 


21.106. Using the approach described in the problem statement, the product can be made from an acyclic diester, as 
shown in the following retrosynthetic analysis: 


O O O 
O~- OS- 


The diester can be made from the corresponding diacid (via Fischer esterification of both carboxylic acid groups), and 
the diacid can be made via oxidation of the starting diol: 


o oO o o 
EtO OEt HO OH HO OH 


Now let’s draw the forward scheme. The starting diol is converted to a diacid upon treatment with chromic acid. This 
diacid is then converted to a diester upon treatment with ethanol and an acid catalyst (with removal of water). The 
resulting diester will undergo a Dieckmann cyclization upon treatment with sodium ethoxide, followed by aqueous acid 
work-up. Alkylation, followed by hydrolysis and decarboxylation, gives the product, as shown. 


O O 
Na2Cr207, H2504, H20 
FAZ SAA SAS —— pe eee 
HO OH HO Si 
O O O [H*], EtOH, (-H20) 
1) NaOEt OEt 1) NaOEt O O 
a q— 
I 
2) AA NA 2) H30* Eto OEt 


3) H30*, heat 
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21.107. 
(a) The compound possesses three functional groups, and can be assembled in a variety of ways. One method 
capitalizes on the 1,5-arrangement of two of the functional groups (highlighted): 


O OEt 


Therefore, we consider preparing the product via a Michael reaction. The following retrosynthetic analysis is based on 
assembly of the carbon skeleton via a Michael reaction, as well as an aldol condensation reaction to prepare the 
Michael acceptor, and a Claisen condensation to prepare the Michael donor: 


jais É iz A aldol 2 
os Oy yy 
9 b Y 
`OH = y” — y” . NOH 


Now let’s show the forward scheme for this strategy. One equivalent of ethanol is oxidized with PCC to give 
acetaldehyde, which is then heated with aqueous sodium hydroxide to give an o,f-unsaturated aldehyde (via an aldol 
condensation reaction). Another equivalent of ethanol is oxidized with chromic acid to give a carboxylic acid, which is 
then treated with ethanol under acidic conditions to give an ester (via Fischer esterification). The ester is then 
converted into a B-ketoester (via a Claisen condensation). The B-ketoester is then deprotonated with ethoxide to give a 
doubly stabilized enolate which then attacks the «,B-unsaturated aldehyde to give a Michael reaction: 


o . o 
NasCr207 Jk [H"] Jk 
z — 
MoH H2SO4, H2O OH EtOH OEt 

|2 NaOEt 
|2 H,0* 

PCC 

CHCI 

ae 1) NaOEt 
at 
NaOH , H20, heat 3) oe 


www.MyEbookNiche.eCrater.com 


900 CHAPTER 21 


(b) The product is 1,5-difunctionalized: 


AAA 


Therefore, we consider preparing the product via a Michael reaction: 


o o o o 
eee = ad, = Xe = AL, 


Not a 
Michael donor 


This strategy will not work, because it involves the use of an enolate, which is not an efficient Michael donor. 
Therefore, we consider a Stork enamine synthesis (in which we use an enamine, rather than an enolate, as a Michael 
donor). The Michael donor can be made from acetaldehyde, which can be made from ethanol via oxidation with PCC 
(or DMP or via a Swern oxidation). The Michael acceptor can be made from two equivalents of acetaldehyde via an 
aldol condensation: 


NR> 


o 
m e = 4H i LA, => A ' AL, 
Lo) 

zo = A pS + A, 


NaOH , H20, heat 


The forward scheme is shown here: 


H 2) H30* 
a E 1) LiAIH, 
HO OH 2) H20 


21.108. Intermediate A is the corresponding enamine, 


while the alkylation product B is 2-methylcyclohex- 
anone: N 


fe) 
—————_— 
H30* 
(0) 


Product B is a result of the hydrolysis of the iminium ion B 
shown here, which forms after alkylation of enamine A 
by methyl iodide: 
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21.109. 

(a) Only one isomer of the enamine forms due to 
rotational symmetry possessed by the secondary amine. 
Due to this symmetry property, the two possible 
conformational isomers for this enamine are equivalent. 


(b) When the enamine in part (a) reacts with methyl 
iodide, the methyl group closer to the a carbon atom of 
the enamine is oriented below the plane of the page. 
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So, approach by the electrophile from that direction is 
hindered, resulting in (R)-2-methylcyclohexanone being 
the minor product. In contrast, since the approach of 
methyl iodide from the top face of the page is unimpeded 
by this substituent, (S)-2-methylcyclohexanone is the 
major product. And since this is the only isomer of the 
enamine undergoing alkylation, the S-enantiomer is the 
major product formed. This means that the rotational 
symmetry of the starting secondary amine is responsible 
for the % ee achieved. 


S-enantiomer R-enantiomer 


(major) 


21.110. While there are three alpha positions in the molecule, deprotonation at only one of them (the terminal methyl 
group) will lead to the formation of a 5-membered ring. The first reaction is a base-catalyzed, intramolecular aldol 
condensation reaction, affording an a,f-unsaturated ketone. Addition of the Grignard reagent phenylmagnesium 
chloride gives an alkoxide ion. Treatment with sulfuric acid causes protonation of the alkoxide ion, followed by acid- 
catalyzed dehydration to afford the highly conjugated diene shown below. 


Intramolecular 
Aldol 


NaQHHZO 


teat 


1,2-Grignard 
addition 


_PhivigCl 


Acid-Catalyzed 
Dehydration 


Cane 


H2SO, 
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21.111. In the starting material, the dimethoxybenzyl group is in the “up” position on the chiral carbon, from the 
perspective drawn. This group thus attacks the B carbon of the a,B-unsaturated ketone from the top face, pushing the 
other aromatic ring “down”, so that it ends up cis to the hydrogen on the adjacent chiral center. 
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21.112. This transformation involves two successive Michael addition reactions. The sequence begins with the 
deprotonation of diethylmalonate with potassium carbonate to give a stabilized anion (Michael donor) that attacks the 
a,B-unsaturated ketone 1 (Michael acceptor) in a Michael fashion to afford enolate 3. After protonation of enolate 3 to 
give compound 4, the B-diester moiety is then deprotonated to give the resonance-stabilized anion 5. At this point a 
second Michael addition occurs as the anion (Michael donor) attacks the carbon containing the two thioethers (Michael 
acceptor) in a conjugate fashion to give enolate 6. Finally, the electrons of the enolate come back down to make the 
ketone and the a,B-unsaturation by expelling the ethanethiolate anion as a leaving group to afford the final product 2. 
Alternatively, the reverse order of these two Michael additions will likewise afford the product. 


o o o 


EtO OEt "QO. OK 


AoA Oo oO i 
EO “Sg `E a LY Michael 
Addition 


H3C 


Michael 
Addition 
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21.113. Options (c) and (d) are enols, not enolates, so O O 
they can be ruled out. The base (diisopropylamide) is H H H 
sterically hindered, so we expect formation of the less EA => Y o= 


substituted (kinetic) enolate, which corresponds with H H H H 
option (b). 
These compounds correspond with option (c). 
© 
O 


21.115. This process involves the installation of two 
alkyl groups bear a carbonyl group: an ethyl group at the 
alpha position and a methyl group at the beta position. 
This can be achieved by first installing the methyl group 
21.114. The product is an a.,B-unsaturated ketone: at the beta position, by treating the starting compound 
with Me2CuLi, to give an enolate, followed by alkylation 


O with ethyl iodide to give the desired product: 
— O O oO 


. ; , MezCuLi O E 
Therefore, it can be prepared via an aldol condensation, — — 


using the following starting materials: 


Therefore, the answer is (d). 


21.116. 

(a) Under strongly basic conditions, an enolate is formed. Then, under these conditions, an elimination-addition 
reaction can occur (Section 18.14), in which the nucleophilic enolate attacks the tethered benzyne in a ring-forming 
reaction, followed by protonation. 
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(b) The enolate ion is an ambident nucleophile, which means that it can attack from the oxygen, as well as from the 
alpha carbon atom. Ifthe oxygen atom of the enolate functions as the nucleophile and attacks the benzyne unit, the 
following side product is formed: 


21.117. 

(a) Cyclic hemiacetal A is in equilibrium with its open chain form, which has an aldehyde group and a hydroxyl group. 
The aldehyde group can undergo a Wittig reaction when treated with a stabilized ylide (Ph3P=CHCO2Et), giving an 
a,B-unsaturated ester. Then, the hydroxyl group is converted to a tosylate group upon treatment with tosyl chloride: 


CO2Et COZEt 
HO O O HO ZA ZA 
S Ph3P=CHCO,Et TsCl 
= — > OH —> OTs 
heat py 
RO RO RO RO 
A B c 


(b) The conversion of compound C to D begins with a Michael addition reaction, in which MezCuLi functions as a 
Michael donor and attacks the a,B-unsaturated ester (the Michael acceptor) to afford an enolate. This enolate can then 
function as a nucleophile in an intramolecular SN2-type process (shown below), in which the enolate undergoes a- 
alkylation to close the cyclopentyl ring system, giving compound D: 


A} oet 


D 


(c) The ester is first reduced to an alcohol (compound E), which can be acylated, using either acetic anhydride or 
acetyl chloride and pyridine: 


O 

\ Ot -—OH O O —O 
1) xs LiAIH, À AA . r 
2) H20 

RO RO o RO 
e 
D E E F 
pyridine 
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21.118. Methoxide functions as a base and deprotonates the most acidic position, leading to a doubly-stabilized 
enolate. This enolate then functions as a nucleophile and attacks the ester in an intramolecular nucleophilic acyl 
substitution reaction. The resulting tetrahedral intermediate loses methoxide to reform the carbonyl group. The OH 
group is then deprotonated to give an alkoxide ion, which then attacks the newly formed carbonyl group to give another 
alkoxide ion, which is protonated to give the product. 


OH 
© A OMe 
WRT 5, 
O 
C > 
| OH | OH 
| n on N, | o LN. 


awi 
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Chapter 22 
Amines 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 22. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 
Vocabulary. 


e Amines are , or , depending on the number of groups 
attached to the nitrogen atom, 
e The lone pair on the nitrogen atom of an amine can function as a or 


e The basicity of an amine can be quantified by measuring the pK, of the corresponding 


e Aryl amines are less basic than alkyl amines, because the lone pair is 
e Pyridine is a stronger base than pyrrole, because the lone pair in pyrrole participates in 


e An amine group exists primarily as at physiological pH. 


e The azide synthesis involves treating an with sodium azide, followed by 
e The synthesis generates primary amines upon treatment of potassium phthalimide 


with an alkyl halide, followed by hydrolysis or reaction with N2H4. 

e Amines can be prepared via reductive amination, in which a ketone or aldehyde is converted into 
an imine in the presence of a agent, such as sodium cyanoborohydride 
(NaBH;CN). 

e Amines react with acyl halides to produce 

e Jn the Hofmann elimination, an amino group is converted into a better leaving group which is 


expelledinan _ process to form an 

e Primary amines react with a nitrosonium ion to yild: a salt in a process called 
diazotization. 

e Sandmeyer reactions utilize copper salts (CuX), enabling the installation of a halogen or a 

group. 

e In the Schiemann reaction, an aryl diazonium salt is converted into a fluorobenzene by treatment 
with 

e  Aryldiazonium salts react with activated aromatic rings in a process called coupling, to 
produce colored compounds called dyes. 

e A is a ring that contains atoms of more than one element. 


e  Pyrrole undergoes electrophilic aromatic substitution reactions, which occur primarily at C__ 


Review of Skills 


Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 
the end of Chapter 22. The answers appear in the section entitled Skil/Builder Review. 


22.1 Naming an Amine 


PROVIDE A SYSTEMATIC NAME FOR THE FOLLOWING COMPOUND: 


H, N NS 1) IDENTIFY THE PARENT ) 


2) IDENTIFY AND NAME SUBSTITUENTS 
3) ASSIGN LOCANTS TO EACH SUBSTITUENT 
4) ALPHABETIZE 


5) ASSIGN CONFIGURATION 
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22.2 Preparing a Primary Amine via the Gabriel Reaction 


IDENTIFY REAGENTS THAT WILL ACHIEVE THE FOLLOWING TRANSFORMATION: 


1) 


( 
; i NH2 
Ooo 


3) 


22.3 Preparing an Amine via a Reductive Amination 


IDENTIFY REAGENTS THAT WILL ACHIEVE EACH OF THE FOLLOWING TRANSFORMATIONS: 


= 
t Cc 
e SY 


CH3 


R~ ~NH> 


22.4 Synthesis Strategies 


PJ 


AZIDE REDUCTIVE 
SYNTHESIS AMINATION 
GABRIEL 
SYNTHESIS 
OS 
R ~y? H REDUCTIVE RN R REDUCTIVE R N 
—— —_——————————_ 
l AMINATION | AMINATION L 
H H R 
PRIMARY SECONDARY TERTIARY 
AMINE AMINE AMINE 


IDENTIFY THE REACTANT THAT IS USED AS A NUCLEOPHILE IN EACH OF THE THREE PROCESSES SHOWN BELOW: 


D n 
R~/O\—R 


QUATERNARY 
AMMONIUM ION 


ALKYLATION 
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22.5 Predicting the Product of a Hofmann Elimination 


PREDICT THE MAJOR PRODUCT OF THE FOLLOWING 
REACTION: 


en 1) excess CH3I 
> 
2) A920, H20, heat 


22.6 Determining the Reactants for Preparing an Azo Dye 


IDENTIFY REAGENTS THAT WILL ACHIEVE MeO 
THE FOLLOWING TRANSFORMATION: 


Review of Reactions 


Identify the reagents necessary to achieve each of the following transformations. To verify that your answers are 
correct, look in your textbook at the end of Chapter 22. The answers appear in the section entitled Review of Reactions. 


Preparation of Amines 


Oe a Br — P a OTN Ea 
NH2 
o o 
eee NH3 NH2 


NO% NH2 


www.MyEbookNiche.eCrater.com 


910 CHAPTER 22 


NH2 


O 
NH2 
e 2s 
UR 
O HN 


Reactions of Amines 


H Ə o 
/ 
R-N _> R-N=N Cl 

\ 
H 

R R O 
\ \ 4 
N—H > N-—N 
/ Z 

R R 


Reactions of Aryldiazonium Salts 


D 
O O O O- 
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© -N 
N7 


on 
— od 
C OH 
— 
®© -N 
— 
©] 
NÆN = n?) 
R N 


Reactions of Nitrogen Heterocycles 


N 


Z 
g 
7 


o 


H H 
| | 
N 
G ~ a 
N N 
ee 


Common Mistake to Avoid 


Whenever you learn a new reaction, pay close attention to any restrictions that may apply. For example, 
the Gabriel synthesis employs an Sy2 process to create the critical C—N bond of a primary amine: 


O O O 
KOH a Hydrolysis HU 
N—H — NO — N-R — N —R 
Sy2 H 
O Oo Oo 


Since an Sy2 process is employed, a tertiary alkyl halide cannot be used, because tertiary alkyl halides are 
too sterically hindered to undergo an Sy2 process. It is a common mistake to attempt to use a tertiary alkyl 
halide in a Gabriel synthesis, because it is easy to forget the restrictions that apply. Keep this in mind for 
all reactions that you study. Make sure that you understand the circumstances under which each reaction 
can or cannot be used. 
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CHAPTER 22 


Useful reagents 


The following is a list of reagents encountered in this chapter: 


Reagents Type of Reaction Description 
1) NaCN 
2) xs LiAIH Preparation of an amine These reagents can be used to convert an alkyl halide into an amine with the 
j (from an alkyl halide) introduction of one carbon atom (from the cyano group). 
3) H20 
1) SOCI, 
2) xs NH; Preparation of an amine These reagents can be used to convert a carboxylic acid into an amine, 
3) xs LIAIH4 (from a carboxylic acid) without a change in the carbon skeleton. 
4) H20 
These reagents can be used to reduce an aryl nitro group into an amino group. 
1) Fe, H;0* z The first step employs acidic conditions, so the amine is protonated (under the 
Reduction wis : : : Btn ose eats 
2) NaOH conditions of its formation) to give an ammonium ion. The ammonium ion is 
then deprotonated upon basic work-up, giving the amine. 
1) NaN; These reagents can be used to convert an alkyl halide into an amine, without a 
: : ; change in the carbon skeleton. The last two steps (reduction and water work- 
2) LIAIH4 Azide sythesis up) can be replaced with hydrogenation in the presence of a metal catalyst 
3) H20 (Hp, Pt) 
O PE f l . EN 
Phthalimide is the starting material for the Gabriel synthesis, which can be 
used to prepare primary amines. Phthalimide is treated with KOH to give 
N—H Gabriel synthesis potassium phthalimide, which is then treated with an alkyl halide, giving an 
Sy2 reaction. The product of the Sy2 process is then hydrolyzed (upon 
E treatment with hydrazine or aqueous acid) to release the amine. 
In the presence of an acid catalyst, sodium cyanoborohydride can be used to 
achieve a reductive amination. The reaction occurs between a ketone (or 
NaBH;CN Reductive amination aldehyde) and an amine (or ammonia). This process can be used to convert a 
primary amine into a secondary amine. Similarly, a secondary amine is 
converted into a tertiary amine. 
O 


ios 


Acetylation 


An amine will undergo acetylation (giving an amide) when treated with acetyl 
chloride. 


1) Excess CHsI 
2) Ag.O, H20, heat 


Hofmann elimination 


These reagents can be used to achieve elimination of H and NH; to give an 
alkene. When there are two possible regiochemical outcomes for the 
elimination process, the less substituted alkene predominates. 


Reactions with nitrous 


A mixture of sodium nitrite and HCI will convert a primary amine into a 


NaNO;, HCl acid diazonium salt. Under the same conditions, a secondary amine is converted 
into an N-nitrosamine. 
: When an aryldiazonium salt is treated with CuBr, the diazonium group is 
CuBr Sandmeyer reaction 7 ry $ ere CuBr, group 
replaced with a bromine atom. 
CuCl Sandmeyer reaction When an aryldiazonium salt is treated with CuCl, the diazonium group is 
replaced with a chlorine atom. 
; When an aryldiazonium salt is treated with Cul, the diazonium group is 
Cul Sandmeyer reaction : ee 
replaced with an iodine atom. 
CuCN Sandmeyer reaction When an aryldiazonium salt is treated with CuCN, the diazonium group is 
replaced with a cyano group. 
HBF Fluorination (Schiemann | When an aryldiazonium salt is treated with HBF,, the diazonium group is 
reaction) replaced with a fluorine atom. 
H,O, heat Preparation of phenol When an aryldiazonium salt is treated with water and heat, the diazonium 
group is replaced with an OH group. 
HPO; Reduction When an aryldiazonium salt is treated with H;PO, the diazonium group is 


replaced with a hydrogen atom. 
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Solutions 


22.1. 

(a) This compound is an amine that has only one alkyl 
group connected to the nitrogen atom. Since this alkyl 
group is complex, we must name the compound as an 
alkanamine (rather than an alkyl amine). The parent is 
comprised of four carbon atoms (thus, butanamine), and 
the amino group is located at Cl. There are two methyl 
groups, both located at C3. 


Sem 


4 2 


3,3-dimethyl-1-butanamine 


(b) This compound is an amine that has only one simple 
alkyl group (a cyclopentyl group) connected to the 
nitrogen atom, so we can name this compound as an 
alkyl amine, rather than an alkanamine. Therefore, this 
compound is cyclopentylamine. 


On 


cyclopentylamine 


(c) This compound is an amine that has three simple 
alkyl groups (two methyl groups and a cyclopentyl 
group) connected to the nitrogen atom, so we can name 
this compound as a trialkyl amine, rather than an 
alkanamine. The alkyl groups are listed in alphabetical 


order: 
[> / 
N 
\ 


cyclopentyldimethylamine 


(d) This compound is an amine that has three simple 
alkyl groups (all ethyl groups) connected to the nitrogen 
atom, so we can name this compound as a trialkyl amine, 
rather than an alkanamine: 


nnmn 


r 


triethylamine 


(e) This compound is an amine that has only one alkyl 
group connected to the nitrogen atom. Since this alkyl 
group is complex, we must name the compound as an 
alkanamine (rather than an alkyl amine). The parent is a 
six-membered ring (thus, cyclohexanamine), and there is 
an isopropyl group located at C3. There are two chiral 
centers, and the configuration of each is listed at the 
beginning of the name: 


NH2 


(1S,3R)-3-isopropylcyclohexanamine 
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(f) This compound has two functional groups (an OH 
group and an NH2 group). The OH group takes priority, 
so the compound is named as an alcohol (cyclohexanol), 
with the amino group listed as a substituent, located at 
C3. There are two chiral centers, and the configuration 
of each is listed at the beginning of the name: 


H2N,,, om 


(1S,3S)-3-aminocyclohexanol 


22.2. 
(a) The name indicates a dialkyl amine, in which both 
alkyl groups are simple groups (a cyclohexyl group and a 


methyl group): 
CH3 
/ 
Cy 
\ 
H 


(b) The name indicates a trialkyl amine, in which all 
three alkyl groups are cyclobutyl groups: 


ra 
(c) The parent is aniline (or aminobenzene), and there are 
two ethyl groups (one at C2 and the other at C4): 


NH2 
1 
2 
3 
4 


(d) The parent is a six-membered ring that bears an 
amino group (thus, cyclohexanamine). There is a methyl 
group at C2, and the configuration of each chiral center 
(C1 and C2) is indicated in the name: 


NH2 
o 


(e) The parent is benzaldehyde, and there is an amino 
substituent in the ortho position. 


O~ H 
a 
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22.3. 

(a) This compound is an amine that has only one simple 
alkyl group (13 carbons is a tridecyl group) connected to 
the nitrogen atom, so we can name this compound as an 
alkyl amine or an alkanamine. Therefore, this compound 
can be named tridecylamine or 1-tridecanamine. 


Be Oe ee N 


Tridecylamine or 
1-tridecanamine 


(b) The parent is a four-carbon carboxylic acid 
(butanoic acid). The NH2 group is called an amino 
group. The carboxylic acid functionality has a higher 
suffix priority than amines, therefore, this compound is 
named 4-aminobutanoic acid. 


oO 


KN T 


4 2 
4-Aminobutanoic acid 


(c) This compound has two amine groups and is named 
as a diamine (similar to a compound with two hydroxyl 
groups being named as a diol). The amino groups are at 
positions 1 and 5 of a five-carbon chain so it is named 
pentane-1,5-diamine. 


NANE 
H2N A 3 NH2 
Pentane-1,5-diamine 


22.4. The primary amine has two N-H bonds and is 
expected to exhibit the highest extent of hydrogen 
bonding, and therefore, the highest boiling point. The 
tertiary amine lacks N-H bonds, and is therefore 
expected to have the lowest boiling point. 


Increasing boiling point 


z= 


On ON Oe 


22.5. 

(a) This amine has more than five carbon atoms per 
amino group (there are eight carbon atoms and only one 
amino group). Therefore, this compound is not expected 
to be water soluble. 

(b) This amine has fewer than five carbon atoms per 
amino group (there are only three carbon atoms and one 
amino group). Therefore, this compound is expected to 
be water soluble. 

(c) This diamine has fewer than five carbon atoms per 
amino group (there are six carbon atoms and two amino 
groups). Therefore, this compound is expected to be 
water soluble. 


22.6. 

(a) The following compound is expected to be a stronger 
base because the lone pair is localized, and therefore 
more available to function as a base. 


N < 
N 
/ 


The other compound exhibits a delocalized lone pair, and 
is therefore a weaker base. 


(b) The following compound is expected to be a 
stronger base because the lone pair is not participating in 
aromaticity. Itis available to function as a base. 


Bane 
| N= 


= 


In contrast, the other compound is aromatic, and the lone 
pair is delocalized (in order to establish aromaticity), so 
it is unavailable to function as base. 


(c) The following compound is expected to be a stronger 
base because the nitrogen atom has a lone pair that is 
localized, and therefore more available to function as a 


CI 
~ 


The other compound exhibits a nitrogen atom with a 
delocalized lone pair, and is therefore a weaker base. 


(d) The following compound is expected to be a 
stronger base because the lone pair is not participating in 
aromaticity. The lone pair occupies an sp* hybridized 
orbital (directed away from the ring, in the plane of the 
ring) and is available to function as a base. 


Ss 

ZN 
In contrast, the other compound (shown in the problem 
statement) exhibits a nitrogen atom with a lone pair that 
is highly delocalized (in order to establish aromaticity in 


the five-membered ring), so it is unavailable to function 
as base. 


22.7. In all of these compounds, the lone pair (on the 
nitrogen atom) is delocalized throughout two aromatic 
rings: 
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One of the three compounds (shown in the problem 
statement) has two methyl groups (electron-donating), 
which destabilize the delocalized charge: 


ON 
JO U 
Charge is destabilized by methyl group 


This compound is the strongest base, because the 
delocalization effect is diminished by the effect of the 
alkyl groups. 

In contrast, the following compound has an aldehyde 
group. This group is electron-withdrawing, and a 
resonance structure can be drawn in which the nitrogen 
atom bears a positive charge, and the oxygen atom bears 
a negative charge: 


| 
el 
ST Se 


E 


This resonance contributor is significant, and it renders 
the lone pair highly delocalized, and therefore a very 
poor base. In summary, we predict the following order 
of base strength: 


OO 
oo 
OO 


oO 


Increasing Basicity 
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22.8. In the reactant, the lone pair of the amino group is 
delocalized via resonance. In the product, the lone pair 
of the amino group is localized, and is therefore more 
available to function as a base. 


O O 
H2 
AnA z Feah 
HN S Pt H2N 


22.9, 
(a) At physiological pH, the amino group exists 
primarily as a charged ammonium ion: 


(b) At physiological pH, the amino group exists 
primarily as a charged ammonium ion: 


@NH3 


(c) At physiological pH, the amino group exists 
primarily as a charged ammonium ion: 


22.10. 

(a) Butylamine can be made from 1-bromopropane, as 
shown. Treatment with sodium cyanide gives a nitrile 
(via an Sn2 reaction). Reduction of the nitrile with 
excess lithium aluminum hydride, followed by water 
work-up, gives the product: 


1) NaCN 
2) xs LiAIH, 2 
3) H2O 
NaCN AON 1) xs LiAIHy 
2) H20 


Alternatively, butylamine can be made from butanoic 
acid, as shown. Treatment with thionyl chloride gives an 
acid chloride, which can be treated with excess ammonia 
to give an amide. The amide is then reduced with excess 
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lithium aluminum hydride, followed by water work-up, 
to give the product: 


1) SOCh 
O 2) xs NH3 
— ~ 
A, 3) xs LIAIH, = ~” \~n, 
4) H20 
SOC, 1) xs LIAIH, 
2) H2O 


xs NH3 


Oo Oo 
Pe AX 
Cl NH> 


(b) The desired amine can be made from benzyl 
bromide, as shown. Treatment with sodium cyanide 
gives a nitrile (via an Sn2 reaction). Reduction of the 
nitrile with excess lithium aluminum hydride, followed 
by water work-up, gives the product: 


NH2 
Br 1) NaCN 
— 
2) xs LiAIH, 


3) H20 
NaCN CN 1)xs LiAIH, 
2) H2O 


Alternatively, the desired amine can be made from the 
corresponding carboxylic acid, as shown below. 
Treatment with thionyl chloride gives an acid chloride, 
which can then be treated with excess ammonia to give 
an amide. The amide is then reduced with excess lithium 
aluminum hydride, followed by water work-up, to give 


the product: 
OH NH 

1) SOC 2 

-_ 

O 2) xs NH3 
3) xs LIAIH4 
soci 4) H2O 1) xs LiAIH, 
2) H2O 


Cl NH> 
xs NH3 
— > 
O O 


(c) The desired amine can be made from 
bromocyclohexane, as shown. Treatment with sodium 
cyanide gives a nitrile (via an Sn2 reaction). Reduction 
of the nitrile with excess lithium aluminum hydride, 
followed by water work-up, gives the product: 


Br 
1) NaCN NH> 
— > 

2) xs LIAIH4 
3) H20 

CN i 

NaCN 1) xs LIAIH4 
2) H20 


Alternatively, the desired amine can be made from the 
corresponding carboxylic acid, as shown below. 
Treatment with thionyl chloride gives an acid chloride, 
which can then be treated with excess ammonia to give 
an amide. The amide is then reduced with excess lithium 
aluminum hydride, followed by water work-up, to give 


the product: 
O 
2) xs NH3 
oH —— > i o’ NH2 
3) xs LiAIH, 
4) H20 


SOCI, / 1) xs LiAIH, 
2) H2O 
fe) 


O 


22.11. This compound cannot be prepared from an alkyl 
halide or a carboxylic acid, using the methods described 
in this section, because both methods produce an amine 
with two alpha protons: 


1) SOC 


ROX 
HH 


oe 
Ja, _ i 


The desired product has two methyl groups at the alpha 
position: 


NH2 


So this product cannot be made with either of the 
synthetic methods above. 
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22.12. 
(a) We begin by identifying an alkyl halide that can 
serve as a precursor: 


Cis Oe 


In the Gabriel synthesis, phthalimide is the starting 
material, and three steps are required. In the first step, 
phthalimide is deprotonated by hydroxide to give 
potassium phthalimide, which can serve as a nucleophile 
and attack the alkyl halide above in an Sn2 process. 
Subsequent treatment with hydrazine (or aqueous acid) 
releases the desired amine: 


1) KOH 


o Cy Br 
2) 
N—H 
3) HoNNH, 
o 
oo 


(b) We begin by identifying a halide that can serve as a 
precursor: 


In the Gabriel synthesis, phthalimide is the starting 
material, and three steps are required. In the first step, 
phthalimide is deprotonated by hydroxide to give 
potassium phthalimide, which can serve as a nucleophile 
and attack the halide above in an Sn2 process. 
Subsequent treatment with hydrazine (or aqueous acid) 
releases the desired amine: 


1)KOH e 
P al yO 
N—H 
3) HəNNH2 
fe) 
NH2 
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(c) We begin by identifying an alkyl halide that can serve 
as a precursor: 


NH2 Br 
ree => FEA 


In the Gabriel synthesis, phthalimide is the starting 
material, and three steps are required. In the first step, 
phthalimide is deprotonated by hydroxide to give 
potassium phthalimide, which can serve as a nucleophile 
and attack the alkyl halide above in an Sn2 process. 
Subsequent treatment with hydrazine (or aqueous acid) 
releases the desired amine: 


1) KOH Br 
N—H 
3) HƏNNH2 | 
O 


NH3 


(d) We begin by identifying an alkyl halide that can 
serve as a precursor: 


In the Gabriel synthesis, phthalimide is the starting 
material, and three steps are required. In the first step, 
phthalimide is deprotonated by hydroxide to give 
potassium phthalimide, which can serve as a nucleophile 
and attack the alkyl halide above in an Sn2 process. 
Subsequent treatment with hydrazine (or aqueous acid) 
releases the desired amine: 


1) KOH 
P AJA 
2) Br 
N—H 
3) H2NNH2 | 
(6) 
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22.13. The problem statement dictates that a Gabriel synthesis be employed, so we begin by identifying a suitable alkyl 
halide that can be converted into compound 2 via a Gabriel synthesis. 


(0) oO 
2N o ae 
=> 
NMez2 NMez2 
2 


Since the bromine atom is attached to the alpha carbon, this halide can be installed by an alpha-halogenation of 1. 


O O 
Br 
cae _, AD. 
NMez NMez 
1 


Enolization of 1 under basic conditions would lead to tribromination of the alpha carbon, followed by a C-C bond 
cleaving reaction (the haloform reaction). The proper way to mono-brominate 1 involves the use of acidic conditions. 
Treatment of the ketone (1) with Bro under catalytic acidic conditions affords the alpha bromo ketone. Once the 
necessary alkyl halide has been prepared, it can be treated with potassium phthalimide, followed by hydrazine (or 
aqueous acid), to give the desired amine as shown: 


o 
NO K® 
1) fe) 
ges o HN 
— 
2) H2NNH2 
me NMe> 2 NMe> 


22.14. 
(a) The compound has two C-N bonds: 


TRO 


(b) The compound has three C-N bonds: 


ANNE AN 


Each of these bonds can be made via a reductive 


Each of these bonds can be made via a reductive 
amination, giving two possible synthetic routes, shown 
here: 


[H*], NaBH3CN 


Og 
y 


[ H*] , NaBH3CN 


oO fa 


amination. However, two of them are identical (because 
of symmetry), giving two possible synthetic routes, 
shown here: 


N 


[H*], NaBH3CN 


O [ H* ], NaBH3CN 
H 
| 


pie oe, 
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(c) The compound has two C-N bonds: 


Each of these bonds can be made via a reductive 
amination, giving two possible synthetic routes, shown 
here: 


`H [ H* ], NaBH3CN 


UH 
a 


0) LH*], NaBH3CN t 


H 


NH2 


(d) The compound has three C-N bonds: 


suk 


' 
NNN 


Each of these bonds can be made via a reductive 
amination. However, two of them are identical (because 
of symmetry), giving two possible synthetic routes, 
shown here: 


(0) 
H [H+], NaBH3CN 


: i 
es 


[H*], NaBH3CN i 


IZ 


oO 


(e) The compound has three C-N bonds: 


EN 
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However, one of these bonds cannot be made via a 
reductive amination, because the starting material cannot 
have a pentavalent carbon atom: 


Ae | 


carbon cannot 
have five bonds 


Each of the other two C-N bonds can be made via 


reductive amination, giving two possible synthetic 
routes, shown here: 


NH [ H* ], NaBH3CN 


oO 


AA 
A 


H A 
HN [H*], NaBH3CN 


y 


22.15. Phenylacetone is expected to give a secondary 
amine upon treatment with methyl amine in the presence 
of sodium cyanoborohydride and an acid catalyst, as 


shown: 
[H*] 
NAERON E 
Phenylacetone 
22.16. 


(a) This amine is secondary (it bears two alkyl groups). 
The source of nitrogen is ammonia, which dictates that 
each group must be installed via a reductive amination 
process. The following retrosynthetic analysis reveals 
the necessary starting materials: 


NM PS 
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Each C-N bond can be formed via a reductive amination, 
as shown in the following forward scheme: 


1)[H"] 
Mose 2)[H*] N7 SN 
NaBH3CN H 
[H*] CH3CHO [H*] 
NaBH3CN NaBraGN 
NH3 


XA AN 


(b) Cyclopentyl amine can be made from 
cyclopentanone and ammonia, via a reductive amination, 
as shown: 


[H+], NaBH3CN 
o = NH2 
NH3 


(c) This amine is tertiary (it bears three alkyl groups). 
The source of nitrogen is ammonia, which dictates that 
each group must be installed via a reductive amination 
process. The following retrosynthetic analysis reveals 
the necessary starting materials: 


O 


2 


H 


O y H 
H 
Each C-N bond can be formed via a reductive amination, 


as shown in the following forward scheme: 


1) [H+], NaBH3CN 


NH3 
2) [H* ] , NaBH3CN 
(= CHO O- / 
o = N 
3) [H* ], NaBH3CN \ 
CH20 
i [H+] 
[H] NaBH3CN 
NaBH3CN o 
=“ pie 
H~ `H 
[H*] 


NaBH3CN vi 
NH ————> N 
O \ 


Je 


H H 


(d) This amine is secondary (it bears two ethyl groups). 
The source of nitrogen is ammonia, which dictates that 
each group must be installed via a reductive amination 
process. The following retrosynthetic analysis reveals 


the necessary starting materials: 
H H. H H 
Po ESN => 25 + + A 
| O O 
H 
Each C-N bond can be formed via a reductive amination, 


as shown in the following forward scheme: 


1)[H"] 
NaBH3CN 
o NH3 
J, Gant 7 
a EH 
NaBH3CN 
CH3CHO + 
[H] N a a 
NaBH3CN z A 
NH3 JU 
H 


Nh; 


(e) This amine is tertiary (it bears three ethyl groups). 
The source of nitrogen is ammonia, which dictates that 
each group must be installed via a reductive amination 


process. The following retrosynthetic analysis reveals 
the necessary starting materials: 
H H 
O A 
X yi NN Hv JH 
Pree —— 


i 
we H 
O 


Each C-N bond can be formed via a reductive amination, 
as shown in the following forward scheme: 


1) [H+], NaBH3CN 


NH3 
2) [ H*], NaBH3CN 
7 CH3CHO i a 
> 
on 3) [H* ], NaBH3CN A 
CH3CHO 
[H*] [H*] 
NaBH3CN NaBH3CN 
NH3 o 
[H*] H A 
NaBH,CN 
ANS 
e NH > 5 N 
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(f) This amine is tertiary (it bears three alkyl groups). 
The source of nitrogen is ammonia, which dictates that 
each group must be installed via a reductive amination 
process. The following retrosynthetic analysis reveals 
the necessary starting materials: 


= 


H 
ORE = Ono me 


Each C-N bond can be formed via a reductive amination, 
as shown in the following forward scheme: 


1) [H* ], NaBH3CN 


NH3 
2)[H* ], NaBH3CN ; 
= CH3CHO © 
o N 
3) [H* ], NaBH3CN \ 
(CH3)2CO 
[H*] [H*] 
NaBH3CN oo 
= A 
[H*] 


NaBH3CN i 
NH ——— > N 
O a 
a 


22.17. 

(a) The desired amine is secondary, so we must install 
two alkyl groups. The first alkyl group is installed via a 
Gabriel synthesis, and the remaining alkyl group is 
installed via a reductive amination process. There is a 
choice regarding which group to install via the initial 
Gabriel synthesis, so we choose the least sterically 
hindered group (the group whose installation involves 
the least hindered alkyl halide): 


oO @ 
1) Bra SN 
NO HN ONS 
2) HəNNH2 
O [H*] 
NaBH3CN 
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(b) The desired amine is primary, so we only need to 
install one alkyl group, which can be achieved with a 
Gabriel synthesis, as shown: 


O 
© 
K 1) O 


NO Ea a a a NH2 
2) HəNNH32 


O 


(c) The desired amine is tertiary, so we must install three 
alkyl groups. The first alkyl group is installed via a 
Gabriel synthesis, and the remaining alkyl groups are 
installed via reductive amination processes. There is a 
choice regarding which group to install via the initial 
Gabriel synthesis, so we choose the least sterically 
hindered group (one of the methyl groups): 


1) CHBr 
: 2) HəNNH2 
SLT] 
NaBH3CN / 
No  —————> N 
On y ` 
O 
4)[H*] 
NaBH3CN [H*] 
1) CH3Br CHO NaBH3CN 
2) HəNNH2 L 
H~ ~H 
[H+], NaBH3CN H 
CHəNH ~~~ ~> N 


[= 


(d) The desired amine is secondary, so we must install 
two alkyl groups. The first ethyl group is installed via a 
Gabriel synthesis, and the remaining ethyl group is 
installed via a reductive amination process: 


2) HƏNNH2 
ya as ae 
3)[H*] H 
o NaBH3CN 
CH3CHO [H+] 
1) Bra oN NaBH3CN 
2) HƏNNH2 


A, 


HN ONS 
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(e) The desired amine is tertiary, so we must install three 
alkyl groups (all ethyl groups). The first ethyl group is 
installed via a Gabriel synthesis, and the remaining ethyl 
groups are installed via reductive amination processes. 


1) Bra SN 
2) H2NNH2 
+ 
Oo ¢ IH] 
kK NaBH3CN 
CH3CHO 8 SQN 
NO — > 
4)[H"] 2 
o NaBH3CN 
CH3CHO [HT] 
Var oS NaBH3CN 
2) H2NNH2 ce) 
Wen 
[H+], NaBH3CN 
eS ——— an es 


A, 


(f) The desired amine is tertiary, so we must install three 
alkyl groups. The first alkyl group is installed via a 
Gabriel synthesis, and the remaining alkyl groups are 
installed via reductive amination processes. There is a 
choice regarding which group to install via the initial 
Gabriel synthesis, so we choose the least sterically 
hindered group (the ethyl group): 


1) Br 
2) HaNNH> 
© 3)[H*] 
~ ___NaBHsCN 
NO es 
Z [=o 
re) 
4)[H*] : 
NaBH3CN [H] 
1) BNS (CH3),CO NaBH3CN 
2) HaNNH> JL 
y 


[ H* ], NaBH3CN O H 
2 \ 


22.18. 

(a) The desired amine is secondary, so we must install 
two alkyl groups. The first alkyl group is installed via an 
azide synthesis, and the remaining alkyl group is 
installed via a reductive amination process. There is a 
choice regarding which group to install via the initial 
azide synthesis, so we choose the least sterically 
hindered group (the group whose installation involves 
the least hindered alkyl halide): 


Bra S a 
3) [H* ], NaBH3CN H 
(CH3)3CCH2CHO 


[H+], NaBH3CN 
o 


Ali 


(b) The desired amine is primary, so we only need to 
install one alkyl group, which can be achieved via an 


azide synthesis, as shown: 
O O 


(c) The desired amine is tertiary, so we must install three 
alkyl groups. The first alkyl group is installed via an 
azide synthesis, and the remaining alkyl groups are 
installed via reductive amination processes. There is a 
choice regarding which group to install via the initial 
azide synthesis, so we choose the least sterically 
hindered group (one of the methyl groups): 


1) NaNs 
2) Hp, Pt 


1 ) NaN 
2) Ho, Pt 
3) [H*], NaBH3CN 


[=o 


/ 
CHBr > N 
4) [H*], NaBH3CN \ 
CHO 
[H*] 
4) NaN NaBH3CN 
2) Ho, Pt IL 
H~ `H 
[H*], NaBH3CN H 
CHaNH ———— > N 


Oe 
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(d) The desired amine is secondary, so we must install 
two alkyl groups. The first ethyl group is installed via an 
azide synthesis, and the remaining ethyl group is 
installed via a reductive amination process: 


1) NaN3 
2) H2, Pt 
Bra SN ae “NO ™ 
3) [ H* ], NaBH3CN H 
CH3CHO 
[H"] 

1) NaN3 NaBH3CN 
2) Ho, Pt O 


A, 


HN ONS 


(e) The desired amine is tertiary, so we must install three 
alkyl groups (all ethyl groups). The first ethyl group is 
installed via an azide synthesis, and the remaining ethyl 
groups are installed via reductive amination processes. 


1) NaN 
2) Ho, Pt 
3) [H* ], NaBH3CN 
CH3CHO LOO 
Be 7 > N 
4) [H* ], NaBH3CN e. 
CH3CHO 
[H*] 
1) NaN 
. te a NaBH3CN 
) Ho, o 
a 
[H+], NaBH3CN 
HN N > Ay “ 


a 


(f) The desired amine is tertiary, so we must install three 
alkyl groups. The first alkyl group is installed via an 
azide synthesis, and the remaining alkyl groups are 
installed via reductive amination processes. There is a 
choice regarding which group to install via the initial 
azide synthesis, so we choose the least sterically 
hindered group (the ethyl group): 
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1) NaN3 
2) Hp, Pt 
3) [H* ], NaBH3CN 


one 


Bra oN er 
= 
4) [H* ], NaBH3CN [H*] 
(CH3),CO NaBH3CN 
1) NaN3 9 
2) Hp, Pt ok. 
[H+], NaBH3CN M 
HN —— N 
Noe 


= 
22.19. For the conversion of 1 to 2, the desired C-N 


bond can be installed via a reductive amination process, 
with the appropriate cyclic amine, as shown: 


cl 
—_ = + F 
o H—N 
O 4 o F 
EtO 


[H*], NaBH3CN 


Cl 
AN vie << 
== = F 
i F 
9 O 
EtO 
Then, conversion of 2 to 3 requires reduction of an ester 


group, which can generally be achieved with excess 
LiAlH4: 


Cl 
IN ies S » 
— = F 
N 
O o F 
EtO 


1) xs LIAIH, 
2) H2O 


Cl 
= = F 
N 
OH o F 
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22.20. Acetylation of the amino group allows for direct 
nitration of the ring (in the para position). After 
nitration is complete, the acetyl group can be removed in 
aqueous basic or acidic conditions: 


JL 
NH2 
1) aN 
2) ___2)HNOs,H2S04 H2SO4 
3) NaOH or 3 NaOH or HO 
NO> 
wok NaOH 
or 
H30* 
(©) 
A HN I 
HNO; 
> 
H2SO4 


NO> 


22.21. Direct chlorination of nitrobenzene would result 
in a meta-disubstituted product (because the nitro group 
is meta-directing). So we must first reduce the nitro 
group into an amino group, thereby converting a meta 
director into an ortho-para director: 


NO, NH2 
O Ò 


Monochlorination of aniline (in the para position) will 
then give the product. Unfortunately, aniline will not 
efficiently undergo monochlorination (the ring is too 
highly activated to install just one chlorine atom). 
However, the strongly activating effect of the amino 
group can be temporarily diminished via acetylation. 
Then, after monochlorination has been performed, the 
acetyl group can be removed in aqueous basic or acidic 
conditions. The entire synthesis is shown here: 


1) HCI, Zn 
NO3 o NH2 
2) CI A 
3) Ch 
4) NaOH or H30* 
Cl 
HCI NaOH 
Zn or 
H30* 
O 


22.22. There are certainly many acceptable solutions to this problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the steps (a-d) follows. 


Ak => NNi 


Y 


(0) O 


A gk 
Vi 


A, 


an Ss 


Now let’s draw the forward scheme. 


The product can be made from ethyl amine and acetyl chloride, via a nucleophilic acyl substitution reaction. 
Ethyl amine can be made from acetamide via reduction with LiAlHu, followed by water work-up. 

Acetamide can be made from acetyl chloride, via a nucleophilic acyl substitution reaction. 

Acetyl chloride can be made from acetic acid upon treatment with thionyl chloride. 


Acetic acid is treated with thionyl chloride to give acetyl chloride. One 


equivalent of acetyl chloride is converted into ethyl amine (via aminolysis, followed by reduction), which is then 
treated with another equivalent of acetyl chloride to give the product: 
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1) xs NH3 

2) xs LiAIH, 

3) H2O 

fe) O o 
JL SOCl2 NM Nh 
OH 7 Cl Mn 

| 
H 


22.23. 
(a) The starting material is an amine, and the reagents indicate a Hofmann elimination. There are two B positions, but 
they are identical because of symmetry. As such, there is only one possible regiochemical outcome for the elimination 


process: 
NH> 


1) excess CHsl 


2) Ag20, H20, heat 


(b) The starting material is an amine, and the reagents indicate a Hofmann elimination. There are two B positions, and 
we expect elimination to occur at the B position that leads to the less substituted alkene: 


ae 
(c) The starting material is an amine, and the reagents indicate a Hofmann elimination. There are two f positions, and 
we expect elimination to occur at the B position that leads to the less substituted alkene: 


22.24. The third product is perhaps the most revealing. It indicates that the structure of PCP must contain an aromatic 
ring for which the benzylic position is connected to a nitrogen atom, and the same benzylic position is also part of a 
cyclohexyl ring. This justifies formation of the first product shown. The second product indicates that the nitrogen 
atom in PCP must be incorporated in a six-membered ring. This ring is opened during formation of the third product. 


NH2 
1) excess CHsl 
2) A920, H20, heat 


1) excess CHal 


2) A920, H20, heat 


| 
N 


OX): OU: 


1) excess CH3l 


ae 


ee 
C] 2) Ag2O, H2O, heat 
22.25. 


(a) The starting material is a primary amine, so it is 
converted into the corresponding diazonium salt upon 
treatment with sodium nitrite and HCI: 


2N 
Pa 


N 
Ə 
lou 
`o 


(b) The starting material is a secondary amine, so it is 
converted into the corresponding N-nitrosamine upon 
treatment with sodium nitrite and HCI: 
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(c) The starting material is a secondary amine, so it is 
converted into the corresponding N-nitrosamine upon 
treatment with sodium nitrite and HCI: 


(d) The starting material is a secondary amine, so it is 
converted into the corresponding N-nitrosamine upon 
treatment with sodium nitrite and HCI: 


22.26. 

(a) The desired transformation requires installation of an 
isopropyl group in the para position, as well as 
conversion of the NH2 group into a cyano group. The 
former can be achieved via a Friedel-Crafts alkylation, 
while the latter can be achieved with a Sandmeyer 
reaction (via a diazonium ion). 

Now let’s consider the order of events. An amino group 
is a strong activator, and therefore an ortho-para 
director, while a cyano group is a meta director. 
Therefore, in order to achieve para-disubstitution, the 
isopropyl group must be installed before conversion of 


the amino group into a cyano group: 


Lace 


However, this strategy has one flaw. A Friedel-Crafts 
alkylation requires the use of a Lewis acid (AlCl), 
which can interact with the lone pair of the amino group, 
thereby converting the activating amino group into a 
deactivating group (see Section 22.8). As such, a 
Friedel-Crafts alkylation will not work. This issue can 
be avoided by acetylating the amino group first, thereby 
reducing the nucleophilicity of the lone pair on the 
nitrogen atom. The desired Friedel-Crafts alkylation is 
then performed (installing an isopropyl group), followed 
by hydrolysis to restore the amino group: 


O 
O 


1 
E? 
2) (CH3)2CHCI, \ 


AICI, 


And finally, conversion of the amino group into a cyano 
group is achieved in two steps. First, para- 
isopropylaniline is treated with sodium nitrite and HCl, 
giving an aromatic diazonium ion, which is then treated 
with CuCN to give a Sandmeyer reaction that affords the 
desired product: 


yoni 


1) NaNOzg, HCl 


2) CuCN 


O 


(b) The meta-directing effect of the nitro group enables 
installation of a bromine atom in the correct location (the 
meta position): 


; NO 


Now we must replace the nitro group with a bromine 
atom. One method for accomplishing this transformation 
involves the use of a Sandmeyer reaction, as seen in the 
following retrosynthetic analysis: 


B NO. 
Bro a 


FeBr3 


© zN 


ZS 
Sandmeyer Bir N 
L 


O2 Br. NH2 
= WT 
O 


2 


Br D Br 

Bry $ N 
O 
Now let’s draw the forward scheme. The starting 
material is treated with Bro and a Lewis acid, thereby 
installing a bromine atom in the meta position. 
Reduction of the nitro group gives meta-bromoaniline, 
which is then converted into an aromatic diazonium ion 
upon treatment with sodium nitrite and HCl. The 
aromatic diazonium ion is then treated with CuBr to give 


a Sandmeyer reaction that affords the desired product, as 
shown: 
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1) Bro, FeBr3 


Xo 2) Fe, H30* 5 a 
2 3)NaOH ROl i 
— > 
4) NaNO,, HCI 
5) CuBr 
Bro 
FeBra DNO 
poe 
a no, DFe, 
H30 
— 
2) NaOH 


(c) The starting material is benzene and the product is 
disubstituted. Specifically, we must install a propyl 
group and a hydroxyl group. Installation of a propyl 
group can be achieved with a Friedel-Crafts acylation 
(followed by reduction). Installation of a hydroxyl group 
can be achieved via a diazonium ion, as shown in the 
following retrosynthetic analysis: 


© -N 


O ON o 
NO 4 O 
O-O 


Now let’s consider the order of events. In order to 
achieve meta-disubstitution, we must capitalize either on 
the meta-directing effects of a nitro group, or on the 
meta-directing effects of an acyl group: 


m © Path #2 
U CAEN 


The first path is flawed, because it involves a Friedel- 
Crafts acylation process on a strongly deactivated ring, 
which will not occur. Therefore, only the second 
pathway is viable. 

Now let’s draw the forward scheme. A Friedel-Crafts 
acylation will install an acyl group, which is meta- 
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directing. Upon treatment with nitric acid and sulfuric 
acid, a nitro group is then installed in the meta position. 
The conditions that reduce the acyl group are likely to 
reduce the nitro group as well, followed by basic work- 
up, to give meta-propylaniline, which is then converted 
into an aromatic diazonium ion upon treatment with 
sodium nitrite and HCl. The aromatic diazonium ion is 
then treated with H2O and heat to afford the desired 
product, as shown: 


1) AICls 
CH3CH2COCI 

2) HNO3, H2SO4 

3) HCI, Zn(Hg) 


o beat o 
4) “anaon 


5) NaNO,, HCI 
6) H20, heat 
AICI ) H2 pei 
O 
ok 2) H2O 
cl heat 
o Cr 
1) HCI 
Zn(H 
PINO; iad 
H2504 Ay” 2) NaOH 


(d) Installation of a tert-butyl group can be achieved 
with a Friedel-Crafts alkylation. Installation of a 
carboxylic acid group can be achieved via a diazonium 
ion, as shown in the following retrosynthetic analysis: 


OL? Oe 
SO 
Cp = Cp 
\ 


O 


Now let’s consider the order of events. The desired 
product is para-disubstituted, which can be achieved by 
installing the tert-butyl group first. This group is very 
large and will favor nitration at the para position, as seen 
in the following forward scheme: 
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1) (CH3)3CCl, AICI 
2) HNO3, H2SO4 


3) Fe, H30* OH 
4) NaOH 
5) NaNO,, HCI o 
6) CuCN 
AlCl, 7) H30* H30* 
a 
1) NaNO, 
HCI 
HNO3 2) CuCN 
H2504 1) Fe, 
H30* NH2 


Ar 
NO2 2) NaOH 


Alternatively, the first step of the synthesis above can be 
followed by a Friedel-Crafts alkylation (with MeC1 and 
AlCl), followed by oxidation of the benzylic position 
with chromic acid to give the desired product. 


(e) Installation of a chlorine atom can be achieved by 
treating benzene with Cl2 and AICl; (via an electrophilic 
aromatic substitution reaction). Installation of a fluorine 
atom cannot be achieved via a similar process, but it can 
be achieved via a diazonium ion, as shown in the 
following retrosynthetic analysis: 


Now let’s consider the order of events. Chlorine is 
larger than fluorine, so it is reasonable to install the 
chlorine atom first (thereby favoring the para- 
disubstituted product over the ortho-disubstituted 
product). In fact, we cannot install the fluorine atom 
first, because the directing effects of a fluorine 
substituent were not discussed in Chapter 18 (beyond 
scope of course). 


Now let’s draw the forward scheme. The starting 
material is treated with Clo and a Lewis acid, thereby 
installing a chlorine atom. A nitro group is then installed 
in the para position, upon treatment with nitric acid and 
sulfuric acid. Reduction of the nitro group gives para- 
chloroaniline, which is then converted into an aromatic 
diazonium ion upon treatment with sodium nitrite and 
HCl. The aromatic diazonium ion is then treated with 
HBF; (a Schiemann reaction) to give the desired product, 
as shown: 


1) Ch, AlCl 
2) HNO3, H2SO4 
cl F 
3) Fe, H30* 
co, 4) NaOH 
25) NaNOs, HCI 1) NaNO2 
AlCl, HCI 
6) HBF, 
2) HBF, 
cl "P; CI NH2 
HNO; 
a 
1) Fe, H30* 
2) NaOH 


{1 


(f) This transformation can be achieved by replacing the 
chlorine atom with an amino group (via elimination- 
addition), followed by conversion of aniline into a 
diazonium ion, followed by subsequent treatment with 
CuBr (via a Sandmeyer reaction): 


B 
Cl 4) NaNH, i 
———.J—_——_> 
2) NaNO>, HCI 


3) CuBr 


NH> 
NaNH> Cy 
22.27. 


(a) The starting material has two aromatic rings. The 
ring bearing the amino group is more highly activated. 
During the azo coupling process, the activated ring 
functions as the nucleophile, and the other ring must 
function as the diazonium ion, as shown in the following 
retrosynthetic analysis: 


is Kp ii 
HO3S N 
Azo 
coupling 


1) NaNO,, HCI 
2) CuBr 


HO3S NH> 
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The forward scheme is shown here: 


1) NaNO; , HCI 
SO3H 
(Nw, 


rip NH2 
V4 


SOH 


HO3S 


(b) The ring bearing the hydroxyl group is more highly 
activated ring. During the azo coupling process, the 
activated ring functions as the nucleophile, and the other 
ring must function as the diazonium ion, as shown in the 
following retrosynthetic analysis: 


À < we 
4 
-N 
Azo 
coupling 


Ha Nos 


The forward scheme is shown here: 


ni): 1) NaNO; , HCI 
2) $a 
noe: 
wae 


Za 
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(c) The ring bearing the dimethylamino group is the 
more highly activated ring. During the azo coupling 
process, the activated ring functions as the nucleophile, 
and the other ring must function as the diazonium ion, as 
shown in the following retrosynthetic analysis: 


VEAN 
OR 
Om HA 

| O 
a a 


The forward scheme is shown here: 


1) NaNO, HCI 


wen 

= 

H l 

„N N 

ont N 3 \ 
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22.28. 

(a) The retrosynthesis is guided by the instructions that the synthesis must begin with 3,4,5-trimethoxyaniline. 
Disconnection at the appropriate location leads to the required diazonium salt (prepared from 3,4,5-trimethoxyaniline) 
and the dihydroxybenzene derivative shown (called 2-hydroxyphenyl-para-toluenesulfonate). 


(0) 


OTs 
OH on 
Pa 


Il MeO NH2 


N 


Ts 
rm 
MeO. N Azo A 
coupling MeO D 
ö ——— => MeO 
Me MeO OMe 
OM 
j OMe 3,4,5-Trimethoxyaniline 


Note that the electrophilic aromatic substitution reaction takes place at the position that is para to the more strongly 
activating OH group (the sulfonate ester is only a moderate activator, similar to a regular ester). The forward scheme is 
shown here: 


OTs 
OH 
-N OTs 
MeO NH MeO N7 
2? NaNO,, HCI © OH 

SR Aa eee 
MeO MeO \ N 
| 
OMe OMe MeO N 

MeO 


OMe 


(b) The trans isomer has the two aromatic rings on opposite sides of the N=N double bond. To draw the cis isomer, we 
need to place both groups on the same side of the double bond: 


OH 


N=N 
MeO 
Blue light 
P ow a MeO OH 
MeO N a 
spontaneous 
(no light) MeO OMe OMe 
MeO 
trans-PST-1 cis-PST-1 


(250x more cytotoxic) 
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22.29. Attack at either C2 or C4 generates an intermediate that exhibits a resonance structure with a nitrogen atom that 
bears a positive charge and lacks an octet (highlighted below). Attack at C3 generates a more stable intermediate 
(carbon is more electropositive than nitrogen so a carbon atom can better stabilize a positive charge associated with an 


unfilled octet): 


E 
c2 
| NC ATTACK 
on cl 
ZA 
N c3 
| > ATTACK 
— > 
Z 
NA ® 
E 
N C4 
> ATTACK 
— a 
A 
© 
E 
22.30. Attack at the C2 position proceeds via an 


intermediate with three resonance structures: 


i i! i 
l NO2 TN, NO @l NO» 
GE = Or O 
h — 2 
In contrast, attack at the C3 position proceeds via an 


intermediate with only two resonance structures: 


i n 
NO ON 
=] 
NO2 NO2 
® 
E H H 


Q 

The intermediate for C2 attack is lower in energy than 
the intermediate for C3 attack. The transition state 
leading to the intermediate of C2 attack will therefore be 
lower in energy than the transition state leading to the 


intermediate of C3 attack. As a result, C2 attack occurs 
more rapidly, giving the following product: 


' 1 

N HNO3, H2504 da 
— 

a a i 


22.31. 

(a) The second compound will have an N-H stretching 
signal between 3300 and 3500 cm!. The first compound 
will not have such a signal. 

(b) When treated with HCl, the first compound will be 
protonated to form an ammonium salt that will produce 
an IR signal between 2200 and 3000 cm. The second 
compound is not an amine and will not exhibit the same 
behavior. 


22.32. 

(a) The 'H NMR spectrum of the first compound will 
have a singlet resulting from the N-methyl group. The 
IH NMR spectrum of the second compound is not 
expected to exhibit any singlets. 

(b) The 'H NMR spectrum of the first compound will 
have six signals, while the 'H NMR spectrum of the 
second compound will have only three signals. 

22.33. The designation “primary” indicates that two 
hydrogen atoms are attached to the nitrogen atom, while 
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the designation “secondary” indicates that one hydrogen 
atom is attached to the nitrogen atom: 


secondary 
‘ H H 
H N N 
E aE OS a 


| | 
H H 


primary 


22.34. 

(a) The lone pair that is farther away from the rings is the 
most basic, because that lone pair is localized. The lone 
pair of the other nitrogen atom is delocalized via 
resonance. 

(b) The dimethylamino group exhibits a localized lone 
pair, and as such, it is expected to exist primarily as a 
charged ammonium ion (pKa ~ 10; see pKa table on 
inside cover of textbook) at physiological pH. In 
contrast, the other nitrogen atom exhibits a delocalized 
lone pair, and it is not expected to be protonated at 
physiological pH (see discussion of the Henderson- 
Hasselbalch equation in Section 20.3). 


cl LA Lis 
N 


22.35. The nitrogen atom of the amide group exhibits a 
delocalized lone pair, so this lone pair will certainly not 
be the most basic. Indeed, amides do not function as 
bases. Each of the remaining two nitrogen atoms 
exhibits a localized lone pair. The nitrogen atom of the 
aromatic system has the localized lone pair in an sp* 
hybridized orbital (in the plane of the ring, and going 
away from the ring). In contrast, the other nitrogen atom 
(highlighted) has the localized lone pair in an sp? 
hybridized orbital. The sp? hybridized nitrogen atom 
(highlighted) is expected to be a better base than the sp* 
hybridized nitrogen atom, because the former has a lone 
pair that is farther away from the nucleus (held less 
tightly) and is therefore more available to function as a 
base. Also, a comparison of pKa values (see inside cover 
of textbook) indicates that pyridine is a weaker base than 
triethyl amine (compare the pKa values of the 
corresponding ammonium ions). 


H 
| 


o NARAN 
s & 


Zz 
22.36. 


(a) Pyridine is a weaker base than trimethylamine 
because the lone pair of pyridine occupies an sp? 
hybridized orbital, rather than an sp? hybridized orbital. 
By occupying an sp? hybridized orbital, the electrons of 
the lone pair have more s character and are therefore 
closer to the positively charged nucleus, rendering them 
less basic. As such, trimethylamine is a stronger base 
than pyridine: 
| 


os 


(b) The nitrogen atom of an amide group exhibits a lone 
pair that is highly delocalized and is therefore not 
expected to function as a base. Pyridine is a stronger 
base because the lone pair is localized (the lone pair 
occupies an sp? hybridized orbital): 


S 


| L 
N 


22.37. 

(a) The parent is aniline (aminobenzene), and there are 
two alkyl groups connected to the nitrogen atom (an 
ethyl group and an isopropyl group): 


AWN 


(b) The name indicates a three-membered ring connected 
to a nitrogen atom, as well as two substituents (both 
methyl groups) connected to the nitrogen atom. 


Sn 


A 


(c) The parent is a five-membered chain (pentane) that 
bears an amino group at C2. In addition, there is a 
dimethyl amino group located at C3. The configuration 
of each chiral center (C2 and C3) is indicated in the 
name: 


A4 N 


(d) The name indicates a primary amine in which the 
nitrogen atom is connected to a benzyl (PhCH2-) group: 


Cyr 
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22.38. Only one of the nitrogen atoms (highlighted) has 
a localized lone pair. 


As such, this nitrogen atom is significantly more basic 
than the other two nitrogen atoms, each of which exhibits 
a highly delocalized lone pair. The nitrogen atom on the 
left is part of an amide group, and is not expected to 
function as a base, while the nitrogen atom on the right is 
using its lone pair to establish aromaticity. So that lone 
pair is also unavailable to serve as a base. 


22.39. 

(a) Recall that an atom bearing four different groups is a 
chiral center. There are two chiral centers (highlighted) 
in this compound. Notice that, in this case, the nitrogen 
atom is a chiral center because it is connected to four 
different groups (one of which is a lone pair). 


>. 


(b) Recall that an atom bearing four different groups is a 
chiral center. There is only one chiral center 
(highlighted) in this compound. Notice that, in this case, 
the nitrogen atom is not a chiral center because it is 
connected to two identical groups (two propyl groups). 


wo 


Ee ee 


22.40. 

(a) This compound is an amine that has only one alkyl 
group connected to the nitrogen atom. Since this alkyl 
group is complex, we must name the compound as an 
alkanamine (rather than an alkyl amine). The parent is 
comprised of six carbon atoms (thus, hexanamine), and 
the amino group is connected to Cl. There are four 
methyl groups (two at C2 and two at C3), resulting in the 
following name: 


2,2,3,3-tetramethyl-1-hexanamine 


(b) This compound has two functional groups (a 
carbonyl group and an NH2 group). The carbonyl group 
takes priority, so the compound is named as a ketone 
(cyclohexanone), with the amino group listed as a 
substituent, located at C4. In addition, there are two 
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methyl groups, both located at C2. The configuration of 
the chiral center is listed at the beginning of the name: 


(S)-4-amino-2,2-dimethylcyclohexanone 


(c) This compound is an amine in which the nitrogen 
atom is connected to three alkyl groups (two cyclobutyl 
groups and a methyl group) connected to the nitrogen 
atom, so we can name this compound as a trialkyl amine, 
rather than an alkanamine. The alkyl groups are listed in 
alphabetical order: 


dicyclobutylmethylamine 


(d) The parent is aniline, and there are two methyl 
groups (one at C2 and the other at C6), as well as one 
bromine atom located at C3: 


3-bromo-2,6-dimethylaniline 


(e) The parent is aniline, and there are three substituents: 
a propyl group at C3 and two methyl groups (both 
connected to the nitrogen atom). 


N,N-dimethyl-3-propylaniline 


(f) The parent is pyrrole, and there are three substituents: 
a methyl group connected to the nitrogen atom, and two 
ethyl groups at C2 and C5. 


| 
7 = 


2,5-diethy-LN-methyl pyrrole 
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22.41. The molecular formula (C4H11N) indicates no 
degrees of unsaturation (see Section 14.16), so all of the 
isomers must be acyclic amines. We will methodically 
consider all possible primary, secondary, and tertiary 
amines. Let’s begin our analysis with tertiary amines. 
There is only one isomer that is a tertiary amine: 


| 
SSNS 


ethyldimethylamine 


And there are three isomers that are all secondary 
amines: 


i H i 
ae NJ Soe 
methylpropylamine diethylamine 


isopropylmethylamine 


And finally, there are four isomers that are all primary 
amines: 


22.43. 


Sp Ne 


1-butanamine 


po 


2-methyl- 
1-propanamine 


> ne 


2-butanamine 


x 


2-methyl- 
2-propanamine 


In total, there are eight constitutional isomers with the 
molecular formula C4H1ıN. 


22.42. The molecular formula (CsHi3N) indicates no 
degrees of unsaturation (see Section 14.16), so all of the 
isomers must be acyclic amines. The following three 
isomers are all tertiary amines (acyclic and fully 
saturated), and none of them have a chiral center: 


| NS 
Pia y 


dimethylpropylamine isopropyldimethylamine 


| 
Ne 


diethylmethylamine 


(a) The lone pair on pyridine functions as a base and deprotonates acetic acid, giving a pyridinium ion and an acetate 
ion, as shown. Two curved arrows must be drawn. The first curved arrow shows the base attacking the proton, and the 
second curved arrow shows heterolytic cleavage of the O-H bond: 


oO 
A À N: + A 
—/` n `o 
Base Acid 


O 


/ ‘p + TN 


(b) The tertiary amine functions as a base and deprotonates the carboxylic acid (benzoic acid), giving an ammonium 
ion and a benzoate ion, as shown. Two curved arrows must be drawn. The first curved arrow shows the base attacking 
the proton, and the second curved arrow shows heterolytic cleavage of the O-H bond: 


Base Acid 


22.44. 

(a) The amino group of aniline is an ortho-para director 
and it strongly activates the ring toward electrophilic 
aromatic substitution. When treated with excess Br2, we 
expect bromination to occur in the two ortho positions 
and the para position, giving 2,4,6-tribromoaniline: 


H o 
lC on’ 4 
4 29 


NH2 NH2 


Excess Bro pr Br 


= 


Br 
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(b) Aniline is a strong nucleophile. When treated with 
an acid chloride, the amino group undergoes acylation, 
giving the following product. Pyridine functions as an 
acid sponge to neutralize the HCI that is produced as a 
by-product of the reaction. 


Cl HN 
> 
Py 
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(d) Treating aniline with sodium nitrite and HCI gives a 
diazonium ion, which is then converted into benzene 
upon treatment with H3PO2: 


N 
Ill oe 
NH2 Nọ 
Ò NaNO» Ò H3PO> © 
——— ——— 
HCI 


(e) Treating aniline with sodium nitrite and HCl gives a 
diazonium ion, which is then converted into benzonitrile 
via a Sandmeyer reaction (upon treatment with CuCN): 


Ù ce 
NH3 No CN 
NaNO, CuCN 
HCI 
22.45. 


(a) This transformation does not involve a change in the carbon skeleton. Only the identity of the functional group 
must be changed. This can be achieved by converting the alcohol into an alkyl halide (upon treatment with PBrs), 
followed by an azide synthesis, as shown below. Alternatively, the alkyl halide can be converted into the desired amine 
via a Gabriel synthesis. 


(c) When treated with excess methyl iodide, the amino 
group of aniline undergoes exhaustive alkylation to give 
a quaternary ammonium salt: 
CH3 
@| 12 
NH> H3;C—N—CH3 


Excess CH3I 


1) PBr3 
ie ae a ae ae a 
OH 2) NaN; NH2 
3) Ho, Pt 
PBr3 1) NaN 
2) Ho, Pt 
A NA ae N Br 


(b) This transformation involves a change in the carbon skeleton, as well as a change in the identity and location of the 
functional group. There are certainly many ways to install the extra carbon atom and manipulate the functional group 
as necessary. One method involves converting the alcohol into an alkyl halide (upon treatment with PBr3), followed by 
an Sn2 reaction with cyanide as the nucleophile, thereby giving a nitrile. Reduction of the nitrile with excess lithium 
aluminum hydride, followed by water work-up, gives the product: 


1) PBrs 
— 
2) NaCN 


3) xs LIAIH4 
4) H20 


a a at POPP ye 


1) xs LiAIH, 
2) H20 


NaCN 
— > 


[N N”N ABr CN 


(c) The starting material has six carbon atoms, while the product has only five carbon atoms. In order to remove a 
carbon atom, a carbon-carbon bond must be broken, which can be accomplished via ozonolysis: 


1) Os H 
QF OL —— o s. Ek 
2) DMS ae E 7 
H 
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This strategy requires that we first convert the starting alcohol into the alkene above, which can be achieved by treating 
the alcohol with PBrs, giving an alkyl halide, followed by elimination with a strong, sterically hindered base (such as 
tert-butoxide) to give an alkene. Ozonolysis of the alkene gives pentanal, which can be converted into the product via 
reductive amination, as shown: 


1) PBrs 
2) t-BuOK 
LOS OS™ > NON NP 
3) O3 
4) DMS . 
| PBrs 5) [H*], NaBH3CN, NH3 | [H], KeA 
3 
O 
N Nć”N ABr ON ENG 
t-BuOK 2 1) O3 al 
iowa Ow 
2) DMS 


22.46. 

(a) This transformation does not involve a change in the carbon skeleton. Only the identity of the functional group 
must be changed. This can be achieved via an azide synthesis, as shown below. Alternatively, the alkyl halide can be 
converted into the desired amine via a Gabriel synthesis. 


HOO gl ge ie — BOS, 


(b) This transformation involves a change in the carbon skeleton, as well as a change in the identity and location of the 
functional group. There are certainly many ways to install the extra carbon atom and manipulate the functional group 
as necessary. One method involves an Sn2 reaction with cyanide as the nucleophile, thereby converting the alkyl 
bromide into a nitrile. Reduction of the nitrile with excess lithium aluminum hydride, followed by water work-up, 
gives the product: 


Br NaCN NaCN NNN 
2) xs AIH, NH2 
3) H2O 
NaCN cn Ds LiAIH, 
A NA SH 
2) H20 


(c) This transformation does not involve a change in the carbon skeleton, although the identity of the functional group 
must be changed. There are certainly many ways to change the identity of the functional group. One method involves 
conversion of the carboxylic acid to the corresponding amide (upon treatment with thionyl chloride to give an acid 
chloride, followed by treatment with excess NH3). Reduction of the amide with excess lithium aluminum hydride, 
followed by water work-up, gives the product: 


o 1) SOC 
N ia xe Nhs 

a LOI SF 

oH 3) xs LiAIH, NH2 
4) H20 

) H2 1) xs LIAIH4 

sOClz HO 

o o 


ura A 2 AnA 
> 
Cl NH 


(d) This transformation does not involve a change in the carbon skeleton, although the identity of the functional group 
must be changed. This can be accomplished via reduction of the nitrile (upon treatment with excess lithium aluminum 
hydride, followed by water work-up): 


2 


1) xs LIAIH, 
2) H2O 


a Nnn AON A ~~ \™ NH 
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22.47. Aziridine has significant ring strain, and this strain will increase significantly during pyramidal inversion (as 
the bond angle must increase during the geometric change associated with pyramidal inversion; see Figure 22.3). This 
provides a significant energy barrier for pyramidal inversion at room temperature. 


22.48. The diethylamino group exhibits a localized lone pair, and as such, it is expected to exist primarily as a charged 
ammonium ion (pKa ~ 10; see pKa table on inside cover of textbook) at physiological pH. In contrast, the other 
nitrogen atom exhibits a highly delocalized lone pair, and it is not expected to be protonated at physiological pH (see 
discussion of the Henderson-Hasselbalch equation in Section 20.3). 


(@) 
Loe 
H 


22.49. The following mechanism is based on Mechanism 19.6 (imine formation), although the final step is reduction, 
rather than a proton transfer step. In the first step, ammonia is a strong nucleophile and will attack the aldehyde 
directly. The resulting intermediate is then protonated, followed by subsequent deprotonation to give a carbinolamine. 
Protonation of the carbinolamine gives an excellent leaving group (H20), which leaves to give an iminium ion. Finally, 
sodium cyanoborohydride is a delivery agent of a hydride ion, which reduces the iminium ion to give methyl amine, as 
shown. 


H 
| 
Hoyt 
cae: T H 
Ik E 
H H z Nop 
H 
i 
ee 
N a -e 
CH3 


22.50. In acidic conditions, the amino group is 
protonated to give an ammonium ion. The ammonium 
group is a powerful deactivator and a meta-director. 


delocalization is a result of the following additional 
resonance structure, in which electron density is 
delocalized onto the nitro group: 


H 
H. Jil l Hot Huy 
N H—NČH N N 
ĝl 
QZ a H2SO4 
— 
A R ao 

ff : meta director oso o No 

ortho-para director © i ($) $ O 


22.51. 
(a) In each compound, the lone pair of the amino group 


is delocalized because it is adjacent to the aromatic ring. 
However, the lone pair is more strongly delocalized for 
the compound that exhibits a nitro group in the para 
position (rather than the meta position). This extra 


A similar resonance structure (in which electron density 
is delocalized onto the nitro group) cannot be drawn for 
meta-nitroaniline. As such, the lone pair in meta- 
nitroaniline is less delocalized and is therefore a stronger 
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base. This explains why para-nitroaniline is a weaker 
base than meta-nitroaniline. 


(b) The basicity of ortho-nitroaniline should be closer in 
value to para-nitroaniline, because a resonance structure 
can be drawn in which the lone pair is delocalized onto 
the nitro group: 


H. H H_®_H 
N om 
® 
cy 
=> 


22.52. The starting amine exhibits two positions that are 
B to the dimethyl amino group: 


During a Hofmann elimination, the amino group is 
removed, and a double bond is formed between the a 
position and the less substituted B position, giving the 
following product: 


22.53. Protonation of the oxygen atom gives a cation in 
which the positive charge is delocalized over three 
locations: 


R NH2 R~ ®~NH> R NH2 


In contrast, protonation of the nitrogen atom gives a 
cation in which the charge is localized (on the nitrogen 
atom). 


22.54. 

(a) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 
steps (a-e) follows. 


a. The product can be made via acetylation of the 
corresponding secondary amine. 

b. The secondary amine can be made from the 
corresponding primary amine (benzyl amine) via a 
reductive amination. 

c. Benzyl amine can be made from benzyl bromide via 
an azide synthesis. 

d. Benzyl bromide can be made from toluene via 
radical bromination at the benzylic position. 

e. Toluene can be made from benzene via a Friedel- 
Crafts alkylation. 


The forward scheme is shown here. Benzene is first 
converted into toluene upon treatment with methyl 
chloride and aluminum trichloride (via a Friedel-Crafts 
alkylation). Upon treatment with NBS and heat, a 
bromine atom is installed at the benzylic position, giving 
benzyl bromide. An azide synthesis then converts 
benzyl bromide into benzyl amine. A reductive 
amination then installs a methyl group, followed by 
acetylation with acetyl chloride to give the product: 


o 
1) CHCl, AICIs J 
2) NBS, heat N 
——— 
3) NaN; | 
4) Hp, Pt é 
CHCl 5) IH"), NaBHsCN A 
AICls CH20 cl 
6) CH3COCI 
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(b) This transformation requires the installation of a cyclohexyl group as well as a carboxylic acid group. Installation 
of the cyclohexyl group can be achieved with a Friedel-Crafts alkylation, using chlorocyclohexane and AICI. 
Installation of a carboxylic acid group can be achieved via a diazonium ion, as shown in the following retrosynthetic 
analysis: 


O- On = OF = Om 
O = O 


Now let’s consider the order of events. The desired product is para-disubstituted, which can be achieved by installing 
the cyclohexyl group first. This group is very large and will favor nitration at the para position, as seen in the 


following forward scheme: 
1) 


AlCl 
COOH 
3) Fe, H30* 
4) NaOH 
5) NaNO}, HCI | io 
( a 6) CuCN 
7) H30* 
AlCl (C O No 


CA HNO; 1) NaNO}, HCI 
bi 2) CuCN 


1) Fe, H30* 
No, Dee NH> 
2) NaOH 


N 
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22.55. In Chapter 20, we learned that an amide linkage can be hydrolyzed under aqueous basic conditions. In this 
case, the compound has two amide linkages, each of which is hydrolyzed via a nucleophilic acyl substitution process. 
Hydroxide functions as a nucleophile and attacks one of the carbonyl groups to give a tetrahedral intermediate that 
reforms the carbonyl group by expelling a negatively charge nitrogen atom as a leaving group. The resulting anion 
then undergoes an intramolecular proton transfer step, giving a more stable carboxylate ion. Then, the remaining amide 
group undergoes hydrolysis in a similar way. Specifically, hydroxide attacks the carbonyl group to give a tetrahedral 
intermediate that reforms the carbonyl group by expelling a negatively charged nitrogen atom as a leaving group. 
Under these conditions, the carboxylic acid group is deprotonated to give a carboxylate ion, and the amide ion is 


protonated (by water) to give an amine: 


a 


©). 
:OH 
N—R = 
6) 
O 
o 
@, 4 
NC P e; 
O 
R PH 
@) 
H © 
H 
SSH OH 


On. 
CX 
oO 
O 


N 
oO 
al 
or au 


OH 


—R 


:0 
:0 
on OH 
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:OH 


22.56. Hydrazine releases the amine via two successive 
nucleophilic acyl substitution reactions (as shown), 
giving the following by-product: 


o 9 H 
N 
= H>N—NH> NH, 
jek 
\ 
O J d 
o 
NH „R 
| + HON 
NH 7 


22.57. 

(a) The starting material is a secondary amine and the 
reagents indicate a Hofmann elimination. In the first 
step, two methyl groups are installed, converting the 
secondary amine into a quaternary ammonium ion. 
Then, treatment with aqueous silver oxide and heat 
results in cleavage of a C-N bond (thereby opening the 
ring) and formation of a double bond, as shown: 


excess / 


mi H @ 
© Mel Ne 
— 
A920, H20, 
N heat 


we ae 


(b) This is a Gabriel synthesis. Since the alkyl halide is 
ethyl bromide, the product is ethylamine: 


o 
yy IKOH 
2) EtBr Nh: 
3) HəNNH 
5 ) H2 2 


(c) The starting alkyl halide is converted into a nitrile 
upon treatment with sodium cyanide in a polar aprotic 
solvent (via an Sn2 process). Hydrolysis of the nitrile 
with aqueous acid and heat gives a carboxylic acid, 
which is then converted into an acid chloride upon 
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treatment with thionyl chloride. The acid chloride is 
then converted into an amide upon treatment with excess 
ammonia, via a nucleophilic acyl substitution reaction. 


pr 1) NaCN, DMSO a 
2) H30*, heat NH, 
Cy 3) SOCl 
4) xs NH3 
NaCN xs NH3 
DMSO 
(0) 


^ „CN CI 
O 
H30* 


heat 


(d) Treating benzene with a mixture of nitric and 
sulfuric acid results in nitration of the aromatic ring, 
giving nitrobenzene. Subsequent treatment of 
nitrobenzene with iron in aqueous acid (followed by 
basic work-up) results in reduction of the nitro group, 
giving aniline. Aniline is converted into a diazonium ion 
upon treatment with sodium nitrite and HCl, and the 
diazonium ion is converted into benzonitrile via a 
Sandmeyer reaction (with CuCN): 


1) HNO3, H2804 CN 

2) Fe, H30* 

3) NaOH 

4) NaNO», HCI 

5) CuCN 

oe 1) NaNO,, HCI 
ae 2) CuCN 
NO> NH2 

1) Fe, H30* 
2) NaOH 


22.58. The carbonyl group is converted into a dimethyl amino group via a reductive amination process. A Hofmann 
elimination then gives an alkene. The double bond cannot be formed at a bridgehead position (Bredt’s rule), so there is 
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only one possible regiochemical outcome for the elimination process. Ozonolysis of the alkene gives a dialdehyde (in a 
cis configuration), which is then converted into a diamine via reductive amination of each carbonyl group. 


[H"] 


——_—___—__» 
NaBH3CN 
(CH3)2NH 


DCMA excess Mel 


JAIRO heat A920, H20, heat 


1) O3 
2) DMS 
NH> CHO 
[H*] 
— 
xs NaBH3CN 
NH2 xs NH3 CHO 


22.59. The conjugate base of pyrrole is highly stabilized because it is an aromatic anion and it is resonance stabilized, 
spreading the negative charge over all five atoms of the ring, as shown below. Pyrrole is relatively acidic (compared 
with other amines) because its conjugate base is so highly stabilized. 


© 

Ny? N N 

Lh e ay 
jO 


22.60. The desired amine is primary (it has only one 
C-N bond), and it can be made from the following 
ketone and ammonia via a reductive amination: 


D = 
wy + 
N~ O 
H N 


22.61. 
The compound has three C-N bonds: 


P AE 
Slee 


Each of these bonds can be made via a reductive 
amination, giving three possible synthetic routes. Two 
are shown here (the third route begins with 
formaldehyde): 


N 


N © 
<= } DD) - ) 
V o" 


[H* ], NaBH;CN 
ieh 
o i 


22.62. 
(a) The starting amine is primary, so it is converted into 
the following diazonium salt upon treatment with sodium 
nitrite and HCI: 

© zl N 


N 
9 


(b) The starting amine is secondary, so it is converted 
into the following N-nitrosamine upon treatment with 
sodium nitrite and HCI: 
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OSN 
N 


TO 


22.63. The starting material has two aromatic rings. The 
ring bearing the hydroxyl group is more highly activated. 
During the azo coupling process, the activated ring 
functions as the nucleophile, and the other ring must 
function as the diazonium ion, as shown in the following 
retrosynthetic analysis: 


OH 


O 
ON 


Azo 
coupling 


The forward scheme is shown here: 


ON 


1) NaNO» , HCI 


Oy: ; 
Nw OH 
IY SN 
ON 


22.64. 

(a) The starting material is a primary amine, and the 
reagents indicate a Hofmann elimination. There are two 
B positions, and we expect elimination to occur at the B 
position that leads to the less substituted alkene: 
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(b) The starting material is a primary amine, and the 
reagents indicate a Hofmann elimination. There are two 
B positions, but only one of these positions bears a 
proton (which is necessary for elimination to occur). So, 
there is only one possible regiochemical outcome for this 
Hofmann elimination, giving the following alkene: 


22.65. 


(a) Reduction of the nitro group, followed by basic 
work-up, gives meta-bromoaniline: 


NO2 NH2 


1) Fe, H30* 


2) NaOH 
Br 


(b) The starting materials are a primary amine and a 
ketone, and the reagents (sodium cyanoborohydride and 
an acid catalyst) indicate a reductive amination process, 
giving the following secondary amine: 


Cy [H*] 


NaBH3CN 


OVD 


(c) A nitrile is reduced to an amine upon treatment with 
excess lithium aluminum hydride, followed by water 
work-up: 


oe 


(d) An amide is reduced to an amine upon treatment with 
excess lithium aluminum hydride, followed by water 
work-up: 


ee xs LIAIH, NH2 
2) “Jao 
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(0) 
1) xs LIAIH4 
N 


| 2) H2O 


ory 


(a) Upon treatment with water, the diazonium group is 
replaced with a hydroxyl group, giving meta- 
bromophenol: 


III 
NH2 No OH 
NaNO2 H20 
—— — 
HCI 
Br Br Br 


(b) Upon treatment with HBF, the diazonium group is 
replaced with a fluorine atom (via a Schiemann 
reaction), as shown: 


WI 
NH2 Ne F 
NaNO» HBF 4 
— ——_> 
HCl 
Br Br Br 


(c) Upon treatment with CuCN, the diazonium group is 
replaced with a cyano group via a Sandmeyer reaction: 


WI 
NH2 No CN 
NaNO, CuCN 
— —> 
HCI 
Br Br Br 


(d) Upon treatment with H3PO2, the diazonium group is 
replaced with a hydrogen atom, giving bromobenzene: 


II 
NH2 No 
NaNO, H3PO2 
Å- e 
HCI 
Br Br Br 


(e) Upon treatment with CuBr, the diazonium group is 
replaced with a bromine atom via a Sandmeyer reaction: 


Wl 
NH2 No Br 
NaNOz CuBr 
yl — 
HCI 
Br Br Br 


22.67. In this case, the carbonyl group and the amino 
group are tethered together (both functional groups are 
present in one compound), so we expect an 
intramolecular reductive amination to occur, thereby 
forming a new ring to give a bicyclic product, as shown: 


o O HN 
i H2504] 
r eo 
ae ; 


22.68. 

(a) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 
steps (a-f) follows. 


-~ 


a. The product is a secondary amine, which can be 
made from benzaldehyde and aniline via a reductive 
amination. 

b. Benzaldehyde can be made from benzyl alcohol via 
oxidation (with PCC or with DMP or via a Swern 
oxidation). 

c. Benzyl alcohol can be made from phenyl 
magnesium bromide and formaldehyde, via a 
Grignard reaction. 

d. Phenyl magnesium bromide can be made from 
bromobenzene, upon treatment with magnesium. 

e. Bromobenzene can be made from benzene via an 
electrophilic aromatic substitution reaction. 

f Aniline can be made from bromobenzene via 
elimination-addition. 
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The forward scheme is shown here. Benzene is first 
converted into bromobenzene upon treatment with 
bromine in the presence of a Lewis acid (AIBrs). 
Treating bromobenzene with magnesium gives a 
Grignard reagent, which can be further treated with 
formaldehyde, followed by water work-up, to give 
benzyl alcohol (via Grignard reaction). Oxidation with 
PCC (or DMP or via a Swern oxidation) gives 
benzaldehyde, which is then treated with aniline in a 
reductive amination process to give the product. Aniline 
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The forward scheme is shown here. Benzene is first 
treated with a mixture of sulfuric acid and nitric acid, 
giving nitrobenzene. Reduction, followed by basic 
work-up, gives aniline, which will undergo 
trichlorination when treated with excess chlorine to give 
2,4,6-trichloroaniline. Treatment with sodium nitrite and 
HCl converts the substituted aniline into a diazonium 
ion, which can then be treated with CuCN to give a 
nitrile (via a Sandmeyer reaction). Treating the nitrile 
with aqueous acid then gives the product. 


can be made from bromobenzene upon treatment with (0) NH2 
sodium amide in ammonia (via elimination-addition): 1) HNOs, H2504 
2) Fe, H30 Cl Cl 
1) Bro, AlBr3 3) NaOH 
2) Mg = 
3) CH,O 4) xs Clo 
ie N 5) NaNO,, HCI 
k | HNO3 6) CuCN Cl 
5) PCC, CH2Clo H H2SO4 n ot 
6) [H*] , NaBH3CN A A ot 
Bro H30 
AlBr3 CeHsNH2 NO3 ON 
Br Cl Cl 
NaNHo, a 
—— > 
NH3 a 
F 
‘tis H"] 1) Fe, H3O & 
ö 2) NaOH 
2) JL NaBH3CN 1) NaNOs, HCI 
aoe NH, NH, 2) CuCN 
api? Cl Cl 
o xs Clo 
— 
OH PCC H 
— 
CHCl Ai 


(b) This transformation requires the installation of an 
amide group and three chlorine atoms (in the ortho and 
para positions). Installation of the amide group can be 
achieved via a diazonium ion, as shown here: 


NH2 
(> 
re) 
2 
N=N 
2 


NO2 = 


Ss 


O 


In order to install three chlorine atoms (in the positions 
that are ortho and para to the amide group), we must 
perform chlorination (with excess chlorine) during a 
stage in the process when the ring is highly activated 
(thereby giving trichlorination). This can be 
accomplished immediately prior to making the 
diazonium ion, because aniline is strongly activated 
toward electrophilic aromatic substitution, giving 
trichlorination, as desired. 


Oz 
A 
Cp 


(c) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 
steps (a-f) follows. 


a. The product is an amide, which can be made from 
benzoyl chloride and aniline via a nucleophilic acyl 
substitution reaction. 

b. Benzoyl chloride can be made from benzoic acid 
upon treatment with thionyl chloride. 
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c. Benzoic acid can be made from phenyl magnesium 1) Bro, AlBr3 


bromide and carbon dioxide, via a Grignard 2) Mg O 

reaction. 3) CO2 

d. Phenyl magnesium bromide can be made from ano N 
bromobenzene, upon treatment with magnesium. 5) SOCI H 

e. Bromobenzene can be made from benzene via an 6) CeHsNHp, pyridine i 
electrophilic aromatic substitution reaction. Br2 

f. Aniline can be made from bromobenzene via AIBr3 


elimination-addition. 


Br 
The forward scheme is shown here. Benzene is first NaNHp, EN zi 
converted into bromobenzene upon treatment with NH3 5 pyridine 
bromine in the presence of a Lewis acid (AIBrs). 
Treating bromobenzene with magnesium gives a 
Grignard reagent, which can be further treated with 
carbon dioxide, followed by acidic work-up, to give 
benzoic acid. Treating benzoic acid with thionyl 
chloride gives benzoyl chloride, which is then treated o o 
with aniline in a nucleophilic acyl substitution to give the 
product. Aniline can be made from bromobenzene upon OH SOCI, Cl 
treatment with sodium amide in ammonia (via — > 
elimination-addition): 


1) Mg 
2) CO, 
3) H,0* 


(d) There are certainly many acceptable solutions to this problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the steps (a-f) follows. 


NH2 © 
ZN NH> 


NO> a NH2 
Cy 
, f 
f 
= CO 


a. The product is an azo dye, which can be made via azo coupling from a diazonium ion and an activated aromatic 
ring. 

b. Aniline can be made from benzene via chlorination followed by treatment with sodium amide in liquid ammonia 

(elimination-addition). 

The diazonium ion can be made from meta-propylaniline, upon treatment with sodium nitrite and HCI. 

meta-Propylaniline can be made via reduction of the disubstituted ring shown. 

The disubstituted ring can be prepared via nitration of an aromatic ketone (giving nitration at the meta position). 

The aromatic ketone can be made via a Friedel-Crafts acylation. 


AH RO 


The forward scheme is shown here. One equivalent of benzene is converted into aniline via chlorination (with Cl2 and 
AICl3) followed by elimination-addition (with sodium amide in liquid ammonia). Another equivalent of benzene is 
subjected to a Friedel-Crafts acylation (thereby installing an acyl group), followed by nitration (in the meta position), 


www.MyEbookNiche.eCrater.com 


CHAPTER 22 947 


followed by conditions that will reduce both the carbonyl group and the nitro group, giving meta-propylaniline. 
Treatment with sodium nitrite and HCI gives a diazonium ion, which is then treated with aniline (in an azo compling 
process) to give the desired azo dye. 


1) Sg NH2 
z 
ACh 


2) HNO3, H2SO4 


1) Ch, AlCl, 3) HCI, Zn(Hg), heat 
2) NaNH2, NH3 


NaNO, 


O~ - 
N2 

© 

CY E 

NH2 

O 

Tr N 


22.69. The molecular formula (CeH1sN) indicates no degrees of unsaturation (see Section 14.16), so all of the isomers 
must be saturated, acyclic amines. The IR data indicates that we are looking for structures that lack an N-H bond (i.e., 
tertiary amines). Let’s first consider all tertiary amines in which the nitrogen atom is connected to two methyl groups. 
Since there must be a total of six carbon atoms in each structure (and the two methyl groups only account for two 
carbon atoms), we must consider all of the different ways in which the remaining four carbon atoms can be connected. 
There are four ways, shown here (butyl, isobutyl, sec-butyl, and tert-butyl): 


| | | 
a oe aa x~ 


Now let’s consider all isomers in which the nitrogen atom is connected to one methyl group and one ethyl group. Since 
there must be a total of six carbon atoms in each structure (while one methyl group and one ethyl group only account 
for three carbon atoms), we must consider all of the different ways in which the remaining three carbon atoms can be 
connected. There are only two ways, shown here (propyl and isopropyl): 


| | 
Pew oe 


And finally, there is only one isomer in which the nitrogen atom has two ethyl groups. In this structure, the third group 
is also an ethyl group, giving triethylamine: 


Se 


In total, we have seen seven different tertiary amines with the molecular formula CoHisN. 


22.70. The compound has two nitrogen atoms. One of the nitrogen atoms (adjacent to the aromatic ring) exhibits a 
delocalized lone pair, while the other nitrogen atom (of the NH2 group) exhibits a localized lone pair. The localized 
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lone pair is more nucleophilic than the delocalized lone pair, so only the NH2 group is converted into a quaternary 
ammonium ion, as shown here: 


22.71. Pyrrole functions as a nucleophile (preferentially at C2, as discussed in Section 22.12) and attacks acetyl 
chloride, giving a tetrahedral intermediate that can then expel a chloride ion (as a leaving group), thereby regenerating a 
carbonyl group. The resulting cation is resonance-stabilized, much like a sigma complex. Pyridine then functions as a 
base and removes a proton, thereby restoring aromaticity and generating the product: 


D eo ee He i 

N cl N e] N = © 
cel -a CIN UN 

Cro On E ase se — Be 


N = 
Í S 


Z 


22.72. 
(a) An azo coupling reaction will give the following 


: © 
product: ¢ \- N=N o> OMe 
© 
R jone 
1 
N 
N 


22.73. The molecular formula (CsHi3N) indicates no 


; ; oo, f degrees of unsaturation (see Section 14.16), so all of the 
(b) An azo coupling reaction will give the following | isomers must be saturated, acyclic amines. The IR data 
product: indicates that we are looking for structures that lack an 


N-H bond (i.e., tertiary amines). As seen in the solution 
© 
N N N 
N 


e 


a 


to Problem 22.42, there are three isomers that fit this 
TE description: 

4 The first compound above is expected to exhibit four 

signals in its 'H NMR spectrum. Only the latter two 


: . ji a : i ted t th i i ir ! 
(c) An azo coupling reaction will give the following NMR spectra: ected to produge Mres signals i thein I 


product: 
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22.74. The molecular formula (CsHi7N) indicates one 
degree of unsaturation (see Section 14.16), so the 
structure must contain either one double bond or one ring 
(but not both). We are given the product obtained when 
coniine is subjected to a Hofmann elimination, which 


allows us to determine the structure of coniine, as shown 
in the following retrosynthetic analysis: 


a a = Z 


NX 


aN ANS 


(S)-N, N-dimethyloct-7-en-4-amine 


Zz 


a 


Il 
we 
°° ON \ 
N \ 
one 


y 
H  Coniine 
(CgH47N) 
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The N-H bond in coniine is responsible for the one peak 
above 3000 cm” in the IR spectrum. 


22.75. The molecular formula (C4H10N2) indicates one 
degree of unsaturation (see Section 14.16), so the 
structure must contain either one double bond or one ring 
(but not both). The 'H NMR spectrum has only two 
signals, indicating a high degree of symmetry. One of 
these signals vanishes in D20, indicating a labile proton, 
consistent with an N-H bond. The other signal must 
account for all of the other protons. The following 
structure accounts for all of the observations: 


The two N-H protons are identical (because of 
symmetry), and they produce one signal in the 'H NMR 
spectrum. The four methylene (CH2) groups are all 
identical, giving rise to the second signal in the 'H NMR 
spectrum. 


22.76. There are certainly many acceptable solutions to this problem. One such solution derives from the following 
retrosynthetic analysis, in which the final step of the synthesis employs the strategy described in the problem statement 
(opening an epoxide with an amine functioning as the nucleophile). An explanation of each of the steps (a-f) follows. 


HO H 


CH3NH> 


o 
VE A, + NH 


=Q 


a. The product can be made by treating the appropriate epoxide with methyl amine, as described in the problem 
statement. 

b. The epoxide can be made from the corresponding alkene, upon treatment with a peroxy acid. 

The alkene can be made from an alcohol, via acid-catalyzed dehydration. 

d. The alcohol can be made from a ketone, via a Grignard reaction (with methyl magnesium bromide, followed by 
water work-up). 


i) 
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e. The ketone can be made from benzene via a Friedel-Crafts acylation. 
f. Methylamine can be made from formaldehyde and ammonia via a reductive amination. 


The forward scheme is shown here. Benzene is treated with an acyl chloride and AICls, thereby installing an acyl 
group via a Friedel-Crafts acylation. The resulting ketone is then treated with methyl magnesium bromide, followed by 
water work-up, to give a tertiary alcohol. This alcohol undergoes dehydration upon treatment with concentrated 
sulfuric acid and heat, giving an alkene. Treating the alkene with a peroxy acid gives an epoxide. The epoxide is then 
converted into the desired product upon treatment with methyl amine (which can be made from formaldehyde and 
ammonia via a reductive amination process). 


O (®) HO 
SAn 1) MeMgBr 
AlCl 2) H2O 
conc. H2804 
heat 
O [ H* ], NaBH3CN ~ 
IJL NH; 


"I 


HO 
O 


Z=E 


D CH3NH> 


22.77. There are certainly many acceptable solutions to this problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the steps (a-e) follows. 


o OEt a o OEt ‘ OEt 
— t = 
L A DO O 
À 2 2 
H A 
Cl r OEt 
O=O +O 


The product has an amide group, which can be made via acetylation of the amino group in 4-ethoxyaniline. 
4-Ethoxyaniline can be made from the corresponding nitro compound via reduction. 

The nitro compound can be made from ethoxybenzene, via nitration of the aromatic ring (in the para position). 
Ethoxybenzene can be made from chlorobenzene, via elimination-addition (upon treatment with hydroxide at high 
temperature), followed by a Williamson ether synthesis. 

e. Chlorobenzene can be made from benzene via an electrophilic aromatic substitution reaction. 


aN SR 


The forward scheme is shown here. Benzene is treated with Cl2 and AICls, thereby installing a chlorine atom. Heating 
chlorobenzene (at 350°C) in the presence of hydroxide gives an elimination-addition process that gives a phenolate ion 
as the product. Rather than protonating the phenolate ion to give phenol, we can treat the phenolate ion with ethyl 
iodide, giving ethoxybenzene via an Sn2 process. When ethoxybenzene is treated with a mixture of sulfuric acid and 
nitric acid, nitration occurs at the para position (the ethoxy group is an ortho-para director, and the para position is 
favored because of steric factors). Reduction of the nitro group, followed by acetylation of the resulting amino group, 
gives the desired product. 
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1) Clo, AICls 
2) NaOH, 350°C 


OEt 
3) Etl o 
O 4) HNO3, H2504 J SY 
5) Fe, H30* N 
H 


6) NaOH 
Cie 
7) CH3COCI o 


AlCl JL 
cl 


D OEt 
HN 
O OEt OEt 
EtI HNO3 1) Fe, H30* 
— — 
H2SO4 2) NaOH 
ON 


22.78. There are certainly many acceptable solutions to this problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the steps (a-g) follows. 


NO» 


Oz Om 


a. The product is an azo dye, which can be made via azo coupling from a diazonium ion and an activated aromatic 
ring. 

b. The diazonium ion can be made from para-nitroaniline, upon treatment with sodium nitrite and HCl. 

c. para-Nitroaniline can be made from aniline via nitration. This process requires acetylation prior to nitration, and 

removal of the acetyl group after nitration (because aniline will not directly undergo nitration to give para- 

nitroaniline). 

Aniline can be made from benzene via nitration followed by reduction of the nitro group. 

The substituted aniline can be made via reduction of the corresponding nitro compound. 

Jf. The nitro compound can be made via nitration. This process requires sulfonation prior to nitration, so that 
nitration will occur at the ortho position (rather than the para position). Desulfonation is then required after 
nitration (to remove the sulfonic acid group). 

g. Isopropyl benzene can be made from benzene via a Friedel-Crafts alkylation. 


sf 


The forward scheme is shown here: 
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ACh 


1) HNO3, H2SO, 
2) Fe, H30* 
3) NaOH 


NH2 


» Ay 


2) HNO3, H2SO, 
3) H30* 
4) NaNOz, HCI 


® 
2N N=N 
c 


O Fuming H2804 


T HNO, H2504, HNO3, H2SO4 
3) Dilute H2SO, 


1) Fe, H30* 
2) NaOH 


NH2 


NH2 


22.79. The starting material can lose both carbon dioxide and nitrogen gas, as shown below, to give a very reactive 


benzyne intermediate. 
Section 18.14, to give the cycloadduct shown. 


iia 
ine 


(0) 


ee 


ag 
(see Chapter 18) 


+ No + CO, 


22.80. The molecular formula (CoHisN) indicates no 
degrees of unsaturation (see Section 14.16), so the 
structure does not contain a m bond or a ring. That is, the 
structure must be a saturated, acyclic amine. The 'H 
NMR spectrum exhibits the characteristic pattern of an 
ethyl group (a quartet with an integration of 2 and a 
triplet with an integration of 3). 


ia 
aaa 
H H 


There are no other signals in the 'H NMR spectrum, 
indicating a high degree of symmetry. That is, these two 
signals must account for all fifteen protons in the 


This intermediate can then react with furan in a Diels-Alder reaction, as first described in 


O 


KG — ab 


compound, indicating that there are three equivalent 
ethyl groups. The compound is therefore triethylamine: 


ye 
L 


This analysis is confirmed by the C NMR spectrum, 
which has only two signals (one signal for the three 
equivalent methyl groups and another signal for the three 
equivalent methylene groups). 

22.81. The molecular formula (CsH11N) indicates four 
degrees of unsaturation (see Section 14.16), which is 
highly suggestive of an aromatic ring. The multiplet just 
above 7 ppm in the !H NMR spectrum corresponds with 
aromatic protons, which confirms the presence of an 
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aromatic ring. The integration of this signal is 5, which 
indicates that the ring is monosubstituted: 


The presence of a monosubstituted ring is confirmed by 
the four signals between 100 and 150 ppm in the C 
NMR spectrum (the region associated with sp? 
hybridized carbon atoms), just as expected for a 
monosubstituted aromatic ring: 


Cp 


In the !H NMR spectrum, the pair of triplets (each with 
an integration of 2) indicates a pair of neighboring 
methylene groups: 


t-i- 


H 


£=-O=—-= 


These methylene groups account for the two upfield 
signals in the '3C NMR spectrum. 

Thus far, we have accounted for all of the atoms in the 
molecular formula, except for one nitrogen atom and two 
hydrogen atoms, suggesting an amino group. This would 
indeed explain the singlet in the 'H NMR spectrum with 
an integration of 2. 

We have now analyzed all of the signals in both spectra, 
and we have uncovered the following three fragments, 
which can be connected to each other in only one way: 


H H 
od M 
H $ o EN 
H H H 


H H 


\ NH2 
Cr ~ 


22.82. The product has four C-N bonds, each of which 
can be prepared via a reductive amination process. As 
such, the product can be made from the following 
starting materials (two equivalents of ammonia and two 
equivalents of a dialdehyde): 
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H H 
(0) (9) 
C P g 
HN NH ==>: Hs N NCH 
~ i Wo i 
H H 


The necessary dialdehyde has only three carbon atoms, 
but the starting material (benzene) has six carbon atoms. 
This suggests that we must somehow break apart the 
aromatic ring into two fragments. This might seem 
impossible at first, as we have seen that aromatic rings 
are particularly stable. We did, however, cover a 
reaction that destroys aromaticity (a Birch reduction will 
convert benzene into 1,4-cyclohexadiene). If a Birch 
reduction is followed by ozonolysis, the resulting 
dialdehyde can then be treated with ammonia and 
sodium cyanoborohydride (with an acid catalyst) to give 
the product: 


1) Na, NH3, CH3OH a 
T HN NH 
3 
3) DMS a 
+ 
Na, NH 4) [H*], NaBHsCN, NH3 es 
CH30H NaBHCN 
NH3 
1) Os O ọỌ 
— 
2) DMS ALN, 


22.83. The starting material exhibits a five-membered 
ring, while the product exhibits a six-membered ring that 
contains a nitrogen atom. Since we have not learned a 
way to insert a nitrogen atom into an existing ring, we 
must consider opening the ring, and then closing it back 
up again (in a way that incorporates the nitrogen atom 
into the ring). There are certainly many acceptable 
synthetic routes. One such route derives from the 
following retrosynthetic analysis. An explanation of 
each of the steps (a-d) follows. 


H CH 

2 (0) “N” 3 
N a + | 
H h 


Br A 
= 
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a. The product is a tertiary amine, and it can be made 
from a dicarbonyl compound and methyl amine, via 
two reductive amination processes. 

b. The dicarbonyl compound can be made via 
ozonolysis of 1-methylcyclopentene. 

c. 1-Methylcyclopentene can be made from 1-bromo- 
1-methylcyclopentane via an elimination reaction. 

d. 1-Bromo-1-methylcyclopentane can be made from 
methylcyclopentane via radical bromination. 


The forward scheme is shown here. Methylcyclopentane 
will undergo radical bromination selectively at the 
tertiary position, giving a tertiary alkyl bromide. This 
alkyl bromide will undergo an elimination reaction upon 
treatment with a strong base, such as sodium ethoxide. 
Ozonolysis of the resulting alkene gives a dicarbonyl 
compound, which can then be converted into the product 


upon treatment with methyl amine and sodium 
cyanoborohydride (with acid catalysis): 
1) Bro, hv 
2) NaOEt 
3) O3 Nw 
4) DMS 
5)[H"] 
Brz NaBH3CN [H] 
hv CH3NH2 
NaBH3CN 
Br CH3NH> 
O O 


NaOEt 


22.84. This amine is tertiary, and each C-N bond can be 
made via a reductive amination process, as shown in the 
following retrosynthetic analysis: 


H H 


r 


N 


The necessary tricarbonyl compound can be made from 
the starting material via ozonolysis, as shown in the 
following forward scheme: 


1) O3 
— 
H 3)[H*] 
xs NaBH3CN 
NH3 
10s [H"] 
2) DMS xs NaBH3CN 
NH3 
oO O oO 


rn A, 


22.85. The starting material has nine carbon atoms, while the product has ten. The identity of the functional group has 
also changed, so we must propose a synthesis that introduces the tenth carbon atom and installs a a bond in the 
appropriate location. There are certainly many ways to achieve the desired transformation. One method involves 
introduction of the tenth carbon atom via conversion of the starting alkyl halide into a nitrile upon treatment with 
cyanide (an Sn2 reaction). Reduction of the nitrile with excess LiAIH,, followed by water work-up, gives an amine, 
which can then be converted into the desired alkene via a Hofmann elimination, as shown: 


NH 
Br 1) NaCN 2 4) excess CHal S 
SUE 
2) xs LiAIH, 2) AgoO, H2O 
3) H2O heat 
1) xs LiAIH 
NaCN J XS HAIMg 
2) HO 


O 


As an alternate approach, the starting alkyl halide can be treated with NaOH to give an alcohol, which can be oxidized 
(with PCC or with DMP or via a Swern oxidation) to give an aldehyde. This aldehyde can then be converted directly 


into the product with a Wittig reaction. 
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22.86. The structure of the intermediate alkene can be determined from the products of ozonolysis (butanal and 
pentanal). Based on the ozonolysis products alone, we cannot determine the configuration of the alkene (E or Z): 


O 
Qe 1) O3 H 
AS AANA 2) DMS = S i e 
(E or Z) o 


The £ alkene can be made via a Hofmann elimination from two possible amines: 


NH2 
Cee ee 
nA 
SANAAA 
D 


BA ae ae 


NH> 
But only one of these amines lacks a chiral center, as shown below (due to symmetry): 


NH> 


AA 


Compound A 
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22.87. Sodium nitrite is protonated upon treatment with HCl, giving nitrous acid (HONO), which can be further 
protonated under these acidic conditions. The resulting cation can lose water (an excellent leaving group), giving a 
nitrosonium ion, as shown: 


o Oo Oo 

Jl P |I A mmi II -H20 o £ 

N. LO @ Naci + N -H Noz | <—> | 
O: Na (0) 6% N N 


The amino group attacks the nitrosonium ion, giving a cation, which then loses a proton to give an intermediate N- 
nitrosamine. Protonation, followed by deprotonation, gives a tautomer of the N-nitrosamine. Protonation of this 
tautomer, followed by loss of a leaving group (water) gives a diazonium ion. Loss of the diazonium group (as N2 gas) 
would generate a primary carbocation, which is unlikely to occur because of the high energy cost associated with 
primary carbocations. However, a hydride shift can occur at the same time as the leaving group leaves (see the 
discussion at the very end of Section 7.9), giving a secondary carbocation. A subsequent methyl shift generates a more 
stable, tertiary benzylic carbocation. Finally, deprotonation gives the product. Notice that in acidic conditions, water 
functions as the base for all deprotonation steps, rather than hydroxide (which is not measurably present in acidic 


conditions). 
@®N=O0 
a 
H H Oo 
X opý 
\ en 
H ty H~ CH 


\ 1, H \ 1 
N=N aad ane @ => N—N 
H H H H 
| oa 
HUH i 
el A H N 
H /. J 1, 
NIN H On’ 
WS o 
- HO X 
ND: 
— > — > 
y N H P 
H~ `H A 
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22.88. There are certainly many acceptable solutions to 


this problem. One such solution derives from the Now let’s draw the forward scheme. Radical 
following retrosynthetic analysis. An explanation of bromination of the starting cycloalkane gives a tertiary 
each of the steps (a-d) follows. alkyl bromide, which is then converted into an alkene 


upon treatment with a strong base, such as ethoxide. 

| Ozonolysis causes cleavage of the C=C bond, thereby 
E Aces 4 opening the ring and giving a dicarbonyl compound, 
i which can then be converted into the product via 


reductive amination, upon treatment with excess 
|e dimethylamine and sodium cyanoborohydride with acid 


catalysis. 
Hoo 
N + H + N 
wry O | 1) Bro, hv 
O i 2) NaOEt E 
= N~ 


3) O3 | 
, 4) DMS 
Z 5).H*] a 
a Br Bro,  NaBH3CN 
or E hv (CHaNH nanan 
(CH3)2NH 


a. The product can be made from the corresponding 
dicarbonyl compound via reductive amination with H 
: : . Br O 
excess dimethyl amine (thereby converting each 


carbonyl group into a dimethyl amino group). O 
b. The dicarbonyl compound can be made via 1) Os 
ozonolysis of 1-methylcyclohexene. NaOEt 2) DMS 
c. 1-Methylcyclohexene can be made from 1-bromo- 
1-methylcyclohexane via elimination with a strong on 
base. 
d. 1-Bromo-1-methylcyclohexane can be made from 


the starting material via radical bromination at the 
tertiary position. 


22.89. Protonation of the highlighted nitrogen atom results in a cation that is highly resonance stabilized. Protonation 
of either of the other nitrogen atoms would not result in a resonance-stabilized cation. 


a H_©_H HH HH H_ H 
DB NA N< N7 `N N 
4 


Jk a H 4 
| 
H 


I 
T-Zi> 
\ 
T 
K? 
X 
s 
= 
)- 
ie 


Tez 


22.90. Two steps are required. The secondary amine must be methylated to give a tertiary amine, and the halogen (Cl) 
must be replaced with azide. The first step can be achieved via a reductive amination (the nitrogen atom cannot simply 
be methylated by using Mel, because that would result in over-alkylation, giving the quaternary salt, RaN* I"). Then, in 
the second step, Cl can function as a leaving group in an Sn2 reaction with sodium azide, to afford compound 2. 


fe) 
o JL pa i N3 
H H NaN 
Me 3 Me 
HN ~N — ~N 
[H+], NaBH3CN 
CO.Me CO.Me CO.Me 
Ph Ph Ph 
4 2 
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22.91. We begin by identifying the bond that must be made: 
N Cl N Cl 
-a 
HO. NS 
O 1 


Forming this C-N bond will require the use of cyclopentyl amine: 


CT * 
In order to form the desired C-N bond, the carboxylic acid can be reduced to an alcohol (which can be achieved with 
LiAIHa), but then we must decide what to do with the alcohol. 


N CI 


a 1) xs LiAIH 
HO S | ao H20 4 or ——— Leaving group or aldehyde? 


We can either convert the alcohol into a leaving group (OTs, Cl, Br) and then treat it with cyclopentyl amine in an Sn2 
reaction, or we can convert the alcohol into an aldehyde and then perform a reductive amination with cyclopentyl 
amine: 


N Cl Sp2 
Aa 
or \ H N o 
| 
a Cl N |] 
wo A T z 


=e 
amination 


The first path is expected to be inefficient, because it will be difficult to achieve monoalkylation. More likely, 
polyalkylation will occur, especially with the activated benzylic leaving group. The second path is expected to be more 
efficient, which gives the following synthesis: 


N CI N CI 
1) xs _1) xs IAH; a Oo | PCC oO 
— > 
2) amo HO Z H S 
O 


N. CI 
| | [H*], NaBH3CN 


N N pe 
(Y 2 Om 
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The starting material has a primary amino group. When treated with excess methyl iodide, it will undergo 


exhaustive methylation to produce a quaternary ammonium salt. When this salt is treated with NaOH, first an anion 
exchange occurs, followed by an E2 elimination to produce an alkene (Hofmann elimination). At this stage it would be 
useful to take inventory of the other functional groups in the molecule. Compound 5 also contains an ethyl ester. We 
saw in Section 20.11 that esters will undergo saponification when treated with aqueous sodium hydroxide. We also 
learned in Section 20.12 that amides undergo hydrolysis when treated with aqueous sodium hydroxide, to afford a 
carboxylic acid as well as an amine. In this case, the product has the molecular formula C10H17NO?2. 


H 
CO,Et Excess 
CHgl 
O N z O N 
T l F 
NH2 


H 
COH 60% 
NaOH 
HN L <~—_ o N 
[) T 
C10H17NO2 


22.93. Option (a) has two nitrogen atoms, although 
both are expected to be weakly basic. The nitrogen atom 
on the left is not a strong base because its lone pair is 
involved in aromaticity and is therefore not available to 
function as a base (not even as a weak base): 


Six x electrons o 


The nitrogen atom on the right is also not basic, because 
its lone pair is delocalized by resonance: 


ols 0 
oo :0: 
A.H _H 
H—N <—»> H—N © 
—_— Pe 


In option (b), the nitrogen atom on the right has a lone 
pair that is delocalized, 


i i 
S Ne 
a 
= 


N 
8) = HOO) 


H—N 


A 


CO,Et 80% CO,Et 

NaOH 

— o N 
© © a H I © 

1 ~~! p i X OH 
COH 60% CO>Et 

NaOH 

p e i G 


N Z 
ni l) 


but the delocalization is not as pronounced as it is in the 
case of an amide (because a resonance structure with C 
is less significant than a resonance structure with O). 
This compound might function as a base, although it 
would not be expected to be a very strong base, so we 
continue our analysis of the remaining two options. 
Option (c) has only one nitrogen atom, and its lone pair 
is involved in aromaticity. 

Option (d) is the correct answer, because it has a 
nitrogen atom (on the right side) with a localized lone 


pair: 
za H 
> N 
= 


This compound is the strongest base among the four 
options. 


22.94. The reactant has both an amino group and an 
aldehyde group: 
©] 
TT we 
amino group aldehyde group 


In the presence of catalytic acid, these two functional 
groups are expected to react with each other, in an 
intramolecular fashion, to give an imine. Since the imine 
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is formed in the presence of NaBH3CN, the imine is 1) HNO3, H2SO4 
reduced to give a cyclic amine: Es > CN 
2) Fe, H30 


3) NaOH 
NH2 Catalytic HNO3 4) NaNO,, HCI fcucn 
o HS0, N  NaBH3CN Si H2504 5) CuCN 
oe O- Oe 
NO, ~ 


Therefore, option (a) is the correct answer. 


1) Fe, H30* 
) 3 NH3 HCI 
f : ; : 2) NaOH 
22.95. Option (a) is not a known reaction. Benzene is 


not expected to react with HCN. Option (b) gives the Nitration of the ring gives nitrobenzene, which is then 

desired product: reduced to give aniline. Aniline is then converted into a 
diazonium ion, followed by reaction with CuCN to give 
the product. In options (c) and (d), the second step (in 
each case) is not a viable reaction. 


22.96. 
(a) The ketone group of compound 2 undergoes reductive amination (the ester group is unreactive under these 


conditions) to give compound 3, as shown below: 


H o hOn" H o 
n Jt PhCH2NH> n JL 
y ~OMe __NaBH3CN y “OMe 
= AcOH = 
2 heat 3 


Notice that compound 2 has only one chiral center (highlighted below), and its configuration is not affected during the 
conversion of 2 to 3. Compound 3 has two chiral centers (highlighted below), because a new chiral center is created 


during the conversion of 2 to 3: 


o H O hOn" H o 
i PhCHNH3 Ni 
J OMe  NaBH;CN GJ ~ome 
om = AcOH = 
2 heat 3 


This new chiral center is formed when an iminium ion (formed from compound 2) is reduced by the hydride reducing 
agent (NaBH3CN) to give 3: 


iminium ion 
C intermediate z — 
©_H H 
o HO NX H O h “NX H o 
| aá | | 
N N N 
z OMe > OMe x OMe 
2 mA L 3 L 
ae ie 
Ne H 


Focus carefully on the reduction step above, in which the new chiral center is created. Since the reducing agent can 
approach from either face of the C=N r bond, we would expect the following two diastereomeric products: 


o Ph~ ~N7 H 
A ee N A 
< ~oMe D) < ~oMe 
i H i 
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(b) The problem statement indicates that compound 3 undergoes a reaction that produces a cyclic amide. So we inspect 
the structure of 3 to determine which functional groups can react with each other to produce a cyclic amide. 
Compound 3 has two amine groups and one ester group: 


And we learned in Section 20.11 that an amide can be formed from an amine and an ester: 


O O 
pa = A 
SSS 
R~ ~OMe R~ ~NH> 


This type of reaction is generally slow and inefficient, but in our case, the reaction is intramolecular, so it can occur 
more rapidly. The reaction can occur in two possible ways, either forming a 3-membered ring or a 6-membered ring, 
depending on which amine group reacts with the ester group: 


Formation of a 3-membered ring 


The 3-membered ring will be higher in energy than the 6-membered ring as a result of significant ring strain which is 
present in the former and absent in the latter. As such, the 6-membered ring will be formed as the product. 

Since compound 3 was formed as a diastereomeric mixture, we expect that compound 4 will also be produced 
as a diastereomeric mixture: 


22.97. 
(a) Hydrogenation of an azide is expected to give an amine. 
H = H =- 
Buo UN. À H2 Buo N À 
-Bu -Bu 
yoa e y 
~N~ a 
(0) 1 ~N O 2 
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Compound 2 is a primary amine, and the problem statement indicates that it reacts with methyl acetoacetate to give an 
imine. We saw in Chapter 19 that an imine is the product generated when a primary amine is treated with a ketone. 
Methyl acetoacetate does have a ketone group, so we expect that compound 3 will have the following structure: 


T 
BuO N 
+ — ~ H X O 
OMe fe) 
3 OMe 


In Chapter 19, we saw that the process was catalyzed by acid, but in this case, the problem statement indicates that acid 
catalyst was not employed, and the reaction proceeded without it. 


(b) Tautomerization can occur either in acid-catalyzed conditions or in base-catalyzed conditions. In fact, even if we 
do not introduce either acid or base, there should be sufficient quantities of either (adsorbed to the surface of the 
glassware) to catalyze the tautomerization process. The problem statement asks us to draw an acid-catalyzed 
mechanism. Much like keto-enol tautomerization, the process should require two steps (protonation and 
deprotonation). In acidic conditions, protonation occurs first, to give a resonance stabilized cation, which then 
undergoes deprotonation: 


fw 
R Z Ho R © _H g 


Aan, 


Nx \ R. H Ry UH 
N O H oN (0) N (0) H N (0) 
PAA oe 
OMe OMe © OMe OMe 
H H 


(c) The following are three reasons why the enamine is particularly stable in this case: 


(1) The presence and proximity of the ester group allows for conjugation with the C=C bond, which is a 
stabilizing factor: 


OMe 
conjugated 


(2) The lone pair of this enamine is particularly delocalized, as a result of the resonance structure shown 
below. This delocalization contributes to the stability of this enamine. 


a 


R_H R_®_H 
> © 


(3) The presence and proximity of the ester group enables intramolecular hydrogen bonding, which is also a 
stabilizing factor. 


All three factors (described above) contribute to the enhanced stability of the enamine in this particular case, and as 
such, the equilibrium favors formation of the enamine. 
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22.98. The amino group of compound 1 attacks the carbonyl group of the aldehyde to produce intermediate 3. After 
three successive proton transfer steps, water is lost, producing iminium ion 7. In section 22.6, we saw that iminium ions 
are sufficiently activated (electrophilic) to be reduced by sodium cyanoborohydride. In the absence of a hydride source, 
they can also be trapped by a nucleophile. In this example, the nucleophile is the attached aromatic ring. In Chapter 18, 
we learned about electrophilic aromatic substitution reactions (such as the Friedel-Crafts acylation); we know that the 
two methoxy groups in 7 sufficiently activate the aromatic ring, enabling the ring to function as a nucleophile and 
attack an electrophile. Nucleophilic attack by the aromatic ring will produce intermediate 8, in which the electrophilic 
group has been added para to one of the methoxy groups. Next, rearomatization will produce compound 9. This 
process is known as the Pictet-Spengler condensation reaction. In the final stage of the synthesis, the lone pair on the 
nitrogen atom will function as a nucleophile and attack, via Sn2, the 1° alkyl chloride to form the 5-membered ring. A 
final proton transfer produces desired product, compound 2. 


O 


Gn 
HCO ci HCO 
H3CO H3CO 
1 
H3CO CO,CH3 
H3CO OH 
cl 
H 5 
H-O@ 
\ 
at 
H3CO CO,CH3 H3CO 
-N ® se V 
H3CO H-NY OH2 H3CO 
cl 
6 
HCO COCH; — “o: HCO 
H~ `H 
N SS 
H3CO H3CO 
2 
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22.99. If we redraw the starting material so that the pendant z bond is in close proximity to the diene, we can envision 
a thermal [4+2] Diels Alder reaction occurring. Notice that the dienophile will approach the diene, resulting in the oxo- 
bridge on one face and the ester group on the other face of the newly formed system. After cyclization, compound 2 
can undergo a nitrogen-induced fragmentation that will result in the formation of a C-N 1-bond via the breakage of the 
C-O o-bond. Compound 3 has a highly electrophilic a,B-unsaturated iminium ion that can be trapped by methanol to 
produce intermediate 4. Because the top face of the six-membered ring is hindered by the alkoxide, methanol will 
approach from the bottom face, thereby installing the methoxy group on a dash. The final two steps of the mechanism 
are proton transfer steps, producing the desired compound (6). 


sO: 
H Me 
R R R 
y * 
N N N 
“1CO.Me ® “"'CO.Me “1COoMe 
ieot — Men a <— Me, A“ 
H, _UMe > 208 | 
me) H Me~ 4-H H 0: 
6 5 4 
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Organometallic Compounds 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 23. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 
Vocabulary. 


Organolithium (RLi) and organomagnesium (RMgX) compounds are strong bases and strong 
Alkenes will react with ICH2ZnI to form a three-membered ring, in a process called P 
Stille coupling, which occurs in the presence of a suitable palladium catalyst, is the reaction between an 
and an organic electrophile to form a new C-C o bond. The coupling process is 
stereospecific. It is observed to proceed with of configuration at each of the C=C units. 
Suzuki coupling, which occurs in the presence of a suitable palladium catalyst and a base, is the reaction 
between an and an organic electrophile to form a new C-C o bond. The 
coupling process is stereospecific. It is observed to proceed with of configuration at each 
of the C=C units. 
Negishi coupling, which occurs in the presence of a suitable palladium catalyst, is the reaction between an 
organic electrophile (R'X) and an organometallic species containing , to form a new 
C-C o bond. The coupling process is stereospecific. It is observed to proceed with 
of configuration at each of the C=C units. 
The Heck reaction is a coupling reaction that occurs between an aryl, vinyl or benzyl halide (RX) and an 
in the presence of an appropriate Pd catalyst and a base. 
is a process that is characterized by the redistribution (changing of position) of 


Alkene 

carbon-carbon double bonds. 
When terminal alkenes are used, the evolution of 
of one alkene with excellent yields. 

When the starting material is a diene and the reaction is conducted in dilute solutions (thereby favoring an 
intramolecular process over intermolecular processes), alkene metathesis can serve as a method for ring- 
formation. This process is called metathesis. Similarly, ring-opening metathesis can 
be achieved in the presence of 


gas drives the reaction toward the formation 


Review of Skills 


Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 
the end of Chapter 23. The answers appear in the section entitled Skil/Builder Review. 


SkillBuilder 23.1 Identifying the Partners for a Corey-Posner/Whitesides-House Coupling Reaction 


EXAMPLE 

Show how you would prepare 
1-butylcyclopentene from 
1-bromobutane and any other 
organohalide of your choice. 


1-Butylclopentene 


Bra S\N 


1-Bromobutane 


+ RX 


STEP 1 Using a wavy line, 
identify the bond (in the 
product) that must be made. 


aaa 


STEP 2 Identify the two 
organohalides that are 
necessary. 


STEP 3 Draw the forward scheme, showing both possible synthetic 
routes (either organohalide can be converted into a Gilman reagent). 


Possibility #1 Possibility #2 
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SkillBuilder 23.2 Predicting the Product of a Stille Coupling Reaction 


STEP 1 Consider a Stille coupling reaction between the following STEPS 2 and 3 Rotate the coupling partners and draw the product, 
two coupling partners. Circle the carbon atoms that will be joined making sure to retain the configuration of any C=C units. 
via a new o bond. 


I XY LV SnBug 
DT- O~ 
zo 


SkillBuilder 23.3 Predicting the Product of a Suzuki Coupling Reaction 


STEP 1 Consider a Suzuki coupling reaction between the 
following two coupling partners. Circle the carbon atoms that 
will be joined via a new o bond. 


STEPS 2 and 3 Rotate the coupling partners and draw the product, making sure 
to retain the configuration of any C=C units. 


SkillBuilder 23.4 Predicting the Product of a Negishi Coupling Reaction 


STEP 1 Consider a Negishi coupling reaction STEPS 2 and 3 Orient the coupling partners and draw the product, making sure 
between the following two coupling partners. Circle to retain the configuration of any C=C units. 
the carbon atoms that will be joined via a new o bond. 


Me,Al Z Z 
9 


SkillBuilder 23.5 Identifying the Partners for a Heck Reaction 


STEP 1 Using a wavy line, identify STEP 2 Identify the organohalide and alkene necessary. Keep in mind that Heck reactions are 
the bond (in the following desired stereoselective with respect to the starting alkene, and stereospecific with respect to the organohalide (if 
product) that can be made via a Heck it is a vinyl halide, as in this case). 
reaction. o 
as oa KAA 
Oo 


SkillBuilder 23.6 Identifying the Starting Material for a Ring-Closing Metathesis 


STEP 1 Identify the C=C unit that can be! STEP 2 Break the C=C unit apart, and attach a methylene (CH3) group to each of the two vinyl 
made via a ring-closing metathesis. positions of the broken C=C unit. 


O 


O 
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Review of Reactions 

Identify the reagents necessary to achieve each of the following transformations. To verify that your 
answers are correct, look in your textbook at the end of Chapter 23. The answers appear in the section 
entitled Review of Reactions. 


Preparation of Organolithium and Organomagnesium Compounds 
R-X = —>__ R-Li + LiX 
R-X ——» R-—Mg—X 


Preparation of Gilman Reagents 


Coupling Reaction of a Gilman Reagent with an Organohalide 


R 
CuLi — R—R' 
/ 


R 


Simmons-Smith Reaction 


Stille Coupling 


R-X = —> RMgX —W——> R—SnBu3 


R—SnBu; + R’'—X = R—R' 


Suzuki Coupling 
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Negishi Coupling 


R—ZnxX + R’—X —> R—R’ 
Heck Reaction 
R 
R—X + — = — 
Alkene Metathesis 
CH 
2 “rR FONTS ee OO + i 
(E + Z isomers) 
f = CH, 
— > + I 
CH2 


Common Mistake to Avoid 
When a cyclic alkene is used in a Heck reaction, make sure to move the position of the C=C unit when 
drawing the product: 


Pd(OAc)s, 
PPh, 

R-X + ——+ R 
EtsN 


It is acommon mistake to forget to move the C=C unit: 


Incorrect 
Pd(OAc)p, 


PPhs, 
R-X + > R 
Et3N 


(Don't make this mistake) 


Recall that the C=C unit moves because this is the only regiochemical outcome that accommodates syn 
elimination. This is the case whenever a cyclic alkene is used as a starting material in a Heck reaction, so 
make sure to take this into account when drawing the product of a Heck reaction. 
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Useful reagents 


CHAPTER 23 


The following is a list of reagents that appear in this chapter: 


969 


Reagents Function 
Li (2 eq.) Used to convert an organohalide into an organolithium compound. 
RLi An organolithium reagent. A very strong nucleophile and a very strong base. 
Mg, Et20 Reagents for converting an organohalide into a Grignard reagent. 
RMgX A Grignard reagent. A very strong nucleophile and a very strong base. 
CuX (0.5 eq.) Used to convert an organolithium compound into a Gilman reagent. 
CHalb, Zn-Cu, EtpO | Reagents for a Simmons-Smith cyclopropanation. 
Bu:SnCl Used to convert an organolithium or organomagnesium compound into an 
á organostannane. 
A catalyst used for coupling reactions, including Stille coupling, Suzuki 
Pd(PPh3)4 : Pa : : 
coupling, Negishi coupling, and the Heck reaction. 
Pd(OAc) A catalyst used for coupling reactions, including Stille coupling, Suzuki 
i coupling, Negishi coupling, and the Heck reaction. 
O i : i 
TEA Catechol borane. Used to convert an alkyne into a vinyl boronic ester. Also 
` used to convert an alkene into an alkyl boronic ester. 
H 
b 
9-BBN. Used to convert an alkyne into a vinyl borane. Also used to convert an 
alkene into an alkyl borane. 
B(OMe) Trimethylborate. Used to convert an aryllithium compound into an aryl boronic 
à ester. 
ZnBr Zinc dibromide. Used to convert an organolithium or organomagnesium 
g compound into an organozinc compound. 
Zn. EtO Zinc and diethyl ether. Used to convert an organolithium or organomagnesium 
ies compound into an organozinc compound. 
Grubbs catalyst Used to achieve alkene metathesis, including ring-opening metathesis and ring- 
closing metathesis. 
Solutions 
23.1. The first compound is an organomagnesium compounds are expected be more nucleophilic than 


compound (C—Mg bond), while the second compound is 
an organozinc reagent (C—Zn bond). We must compare 
these two C—M bonds to determine which bond has 
greater ionic character. The difference in 
electronegativity between C (2.5) and Mg (1.2) is greater 
than the difference in electronegativity between C (2.5) 
and Zn (1.6). Therefore, the carbon atom of a C-Mg 
bond is expected to have a greater partial negative 
character, and thus be more nucleophilic than the carbon 
atom of the C—Zn bond. That is, organomagnesium 


organozinc compounds. Indeed, they are. 


23.2. Compound A is formed when the iodide group (in 
4-iodotoluene) is replaced with a lithium atom, giving an 


organolithium compound: 
Li : 
LS Li 
(2 eq.) 
A + Lil 
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Upon treatment with H20, compound A functions as a 
base and removes a proton from H20, giving toluene 


(compound B): 
— \— Li — X 
+ LiOH 
B 


Compound C is formed via insertion of magnesium, as 


shown: 
I IM 
Mg s 
Et2O 
c 


Compound C is converted into compound B upon 
treatment with a proton source, such as H2O (compound 
D): 


IMg 
H20 
—_ + HOMgI 
(D) 


Upon treatment with D20, compound C functions as a 
base and removes a deuteron from D20, giving a 
deuterated product (compound E), as shown: 


23.3. Compound C functions as a base and removes a 
deuteron, which requires two curved arrows, as shown: 


fo) C fro} D, 
<<) -O 


+ DOMgI 


+ DOMgI 


23.4. Treating a nitrile with a Grignard reagent, 
followed by aqueous acid, gives ketone A (Section 
21.13): 


O 
oZ" 
1) MeMgBr 
—r 
2) H30* 
A 


When a ketone (compound A) is treated with PhMgBr, 
followed by aqueous workup, a phenyl group is installed 
and the product is alcohol B (Section 12.6): 


1) PhMr 
a0 


oh 


When compound A is treated with EtMgBr, followed by 
aqueous workup, an ethyl group is installed and the 


product is alcohol C (Section 12.6): 
HO 


The starting ester can be converted into compound B 
upon treatment with two equivalents of PhMgBr 
(compound D), as described in Section 20.11: 


An C 
B 


The starting ketone can be converted into compound C 
upon treatment with one equivalent of MeMgBr 
(compound E), followed by aqueous workup, as 


described in Section 20.11: 
HO 
ory 


1) EtMgBr 
2)H0. 


1) PhMgBr (2 eq.) 
——_———<cxcuqxqgr 
2) H20 


_1)MeMgBr MeMgBr 
2) 2)H,0. 


o~ 


23.5. When the racemic epoxide is treated with ethyl 
magnesium bromide, followed by aqueous workup, an 
ethyl group is installed at the less substituted side of the 
epoxide, and the three-membered ring is opened to give a 
racemic alcohol (compound A): 


OH 
A 1) EtMgBr TN 
a 
2) H20 
(racemic) A 
(racemic) 
Propanal can be converted into compound A upon 


treatment with propyl magnesium bromide (compound 
B), followed by water workup, as shown: 


Oo 1) BrMg ea OH 
—WT———_ 
sgh H 2) H20 oe 
A 
(racemic) 
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Butanal can be converted into compound A upon 
treatment with ethyl magnesium bromide (compound C), 
followed by water workup, as shown: 


O 1) \  MgBr OH 
WN 2) H2O wee 
A 
(racemic) 


23.6. The first equivalent of the Grignard reagent attacks 
the carbonyl group, followed by loss of the leaving group 
to give a ketone (note that the leaving group is still 
tethered to the ketone). A second equivalent of the 
Grignard reagent attacks the carbonyl group of the 
ketone intermediate to produce a dianion, which is 
subsequently protonated by water to give a diol. Overall, 
the ring has been opened, and two methyl substituents 
are incorporated into the product: 


CH HO 
(0) 
1) MeMgBr (2 eq.) 
— 
2) H2O OH 
Ë © 
O 


23.7. 
(a) First determine which bond (in the product) will be 
made via a coupling process: 


NO = Ge 


Next, draw the two organohalides that are necessary for 
the coupling process. One of the organohalides has 
already been identified in the problem statement 
(iodobenzene). The other organohalide (of our choice) 
must be a vinyl halide, so we draw an iodide (because 
iodides are more reactive than bromides or chlorides). 
This vinyl iodide must have an F configuration, because 
that C=C unit has the E configuration in the product: 
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One of these organohalides must be converted into a 
Gilman reagent and then treated with the other 
organohalide. This leads to two possible synthetic 
routes, both of which are viable: 


Possibility #1 
i 1) Li (2 eq.) 
— r 
2) Cul (0.5 eq.) N 
3) 
! o 
Possibility #2 
Deea) 
yaw 


(b) First determine which bond (in the product) will be 


made via a coupling process: 
oF ae I 


Next, draw the two organohalides that are necessary for 
the coupling process. One of the organohalides has 
already been identified in the problem statement 
(cyclohexyl iodide). The other organohalide (of our 
choice) must be a vinyl halide, so we draw an iodide. 
This vinyl iodide must have an E configuration, because 
that C=C unit has the £ configuration in the product: 


One of these organohalides must be converted into a 
Gilman reagent and then treated with the other 
organohalide. This leads to two possible synthetic 
routes, both of which are viable: 
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Possibility #1 
I 
1) Li (2 eq.) S 
sega aE RL al 
2) Cul (0.5 eq.) 
3) 
AZ” N 
Possibility #2 
SS 
2) Cul (0.5 eq.) 
O 


(c) First determine which bond (in the product) will be 
made via a coupling process: 


1) Li 2 eq.) 
~~ 


LAARA = RAA 

Br 
Next, draw the two organohalides that are necessary for 
the coupling process. One of the organohalides has 
already been identified in the problem statement (1- 
bromopentane). The other organohalide (of our choice) 
must be an alkyl halide, so we draw an iodide: 


One of these organohalides must be converted into a 
Gilman reagent and then treated with the other 
organohalide. This leads to two possible synthetic 
routes, both of which are viable: 


Possibility #1 
one) Cee 
SN 2) CuBr (0.5 eq.) 
3) 
he 
Possibility #2 
TO Diea eee eS 
2) Cul (0.5 eq.) 


3) a 


(d) First determine which bond (in the product) will be 
made via a coupling process: 


a A a I 
OS 


Next, draw the two organohalides that are necessary for 
the coupling process. One of the organohalides has 
already been identified in the problem statement (vinyl 
iodide). The other organohalide (of our choice) must be 
a vinyl halide, so we draw an iodide. This latter vinyl 
iodide must have a Z configuration, because that C=C 
unit has the Z configuration in the product: 


S (2) 
+ 
Oe 
> I 


One of these organohalides must be converted into a 
Gilman reagent and then treated with the other 
organohalide. This leads to two possible synthetic 
routes, both of which are viable: 


Possibility #1 
POE 1) Li (2 eq.) 
i 2) Cul (0.5 eq.) 
3) I 


S 


TN 


Possibility #2 
I 1) Li (2 eq.) Ş 
YS 2) Cul (0.5 eq.) _ 
3) S 
oe 
I 
23.8. 


(a) First determine which bond (in the product) will be 
made via a coupling process. The problem statement 
dictates that each organohalide must have no more than 6 
carbon atoms. Since the product has twelve carbon 
atoms, that leaves us with only one choice, indicated 
below with a wavy line: 


Annn 


Next, draw the two organohalides that are necessary for 
the coupling process. In this case, we need an alkyl 
iodide and a vinyl iodide, as shown. Note that the vinyl 
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iodide must have an E configuration, because that C=C 
unit has the E configuration in the product: 


Sy 
(E) 
Per +1 
6) ba 
One of these organohalides must be converted into a 
Gilman reagent and then treated with the other 


organohalide. This leads to two possible synthetic 
routes, both of which are viable: 


Possibility #1 
1) Li (2 eq.) S 
2) Cul (0.5 eq.) 
3) 
ache 
Possibility #2 
1) Li (2 DiRe) ) 


= 


ee a Bones sy 


(b) First determine which bond (in the product) will be 
made via a coupling process. The problem statement 
dictates that each organohalide must have no more than 6 
carbon atoms. Since the product has twelve carbon 
atoms, that leaves us with only one choice, indicated 
below with a wavy line: 


OH) 


Next, draw the two organohalides that are necessary for 
the coupling process. In this case, we need cyclohexyl 
iodide and iodobenzene, as shown: 


One of these organohalides must be converted into a 
Gilman reagent and then treated with the other 
organohalide. This leads to two possible synthetic 
routes, both of which are viable: 
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Possibility #1 


1) Li (2 eq.) 
2) Cul (0.5 eq.) 


3) 
<>) 


1) Li (2 eq.) 
2) Cul (0.5 eq.) 


3) i 
! 
(c) First determine which bond (in the product) will be 
made via a coupling process. The problem statement 
dictates that each organohalide must have no more than 6 


carbon atoms, so we select the following bond (six 
carbon atoms on one side and five on the other): 


On 


Next, draw the two organohalides that are necessary for 
the coupling process. In this case, we need cyclopentyl 
iodide and a vinyl iodide. Note that the vinyl iodide 
must have an E configuration, because that C=C unit has 
the £ configuration in the product: 


ys s r en 


(E) 
One of these organohalides must be converted into a 
Gilman reagent and then treated with the other 
organohalide. This leads to two possible synthetic 
routes, both of which are viable: 


ar 


F 


Possibility #2 


p ane 


Possibility #1 

1 1)Li@eq.) WN 
as 2) Cul (0.5 eq.) 

3) 


owe 


Possibility #2 
1) Li 2 eq.) WN 
ro 4 2) Cul (0.5 eq.) 
I 
3) ^ I 
23.9. 


(a) First determine which bond (in the product) will be 
made via a coupling process. The problem statement 
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dictates that styrene (which has eight carbon atoms) must 
be the only source of carbon atoms. Therefore, we must 
create the following bond, indicated with a wavy line: 


Next, draw the two organohalides that are necessary for 


the coupling process. In this case, we need two identical 
alkyl halides, as shown: 


ane: 
ON TOD 


These alkyl halides can be made from styrene via the 
anti-Markovnikov addition of HBr (see Section 11.10): 


Ole er OL, 


The entire synthesis is shown below: 


eee 
Cw ROOR Cue 


1) Li (2 eq.) 
, Cul (0.5 eq.) 
‘OL. 
23.10. 


(a) Upon treatment with CHal2 and Zn-Cu, an alkene will 
undergo a Simmons-Smith reaction, thereby converting 
the C=C unit into a cyclopropane ring (with introduction 


of a methylene group): 


— > 
ROOR 


CH212 
rd 
Zn-Cu 


A- 


In this case, the product has no chiral centers, so wedges 
and dashes are not drawn. 


(b) Upon treatment with CH2iz2 and Zn-Cu, an alkene 
will undergo a Simmons-Smith reaction, thereby 
converting the C=C unit into a cyclopropane ring (with 
introduction of a methylene group): 


X 


In this case, the product has two chiral centers, and is a 
meso compound (it does not have an enantiomer). 
Introduction of the methylene group can occur on either 
face of the m bond, giving the same meso compound in 
either case: 


CH212 
Zn-Cu 


(meso) 


(c) Upon treatment with CH212 and Zn-Cu, an alkene will 
undergo a Simmons-Smith reaction, thereby converting 
the C=C unit into a cyclopropane ring (with introduction 


of a methylene group): 
L <> 
(meso) 


In this case, the product has two chiral centers, and is a 
meso compound (it does not have an enantiomer). 
Introduction of the methylene group can occur on either 
face of the m bond, giving the same meso compound in 


either case: 

<> »[© 
(d) Upon treatment with CHo2I2 and Zn-Cu, an alkene 
will undergo a Simmons-Smith reaction, thereby 


converting the C=C unit into a cyclopropane ring (with 
introduction of a methylene group): 


S 
_CHb Ş — 
ancu 


In this case, the product is not a meso compound. Since 
the methylene group can be installed on either face of the 
m bond, we expect a pair of enantiomers. 


CHə212 
Zn-Cu 


(e) Upon treatment with CHal2 and Zn-Cu, an alkene will 
undergo a Simmons-Smith reaction, thereby converting 
the C=C unit into a cyclopropane ring (with introduction 
of a methylene group). In this case, the starting alkene 
has a trans configuration, which is preserved in the 
product. Introduction of the methylene group can occur 
on either face of the 2 bond, giving rise to a pair of 
enantiomers: 
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Ph CHD AN + En 
2 ~Ph Zn-Cu Ph” Ph 
23.11. 


As indicated in the problem statement, the geminal 
dimethyl group of spongian-16-one can be accessed via 
hydrogenolysis of a cyclopropane ring, and cyclopropane 
2 can be prepared from compound 1 via the Simmons- 
Smith reaction, as shown in the following retrosynthetic 
analysis: 


23.12. 

(a) First identify the carbon atoms that will be joined. 
The carbon atom connected directly to the bromide 
group (in the aryl bromide) will be joined with the 
carbon atom connected directly to tin (Sn) in the 
organostannane, highlighted here: 


Br 
Cy" Q 
ON O SnBu3 


Then, rotate the coupling partners so that they are 
aligned to form a bond, and draw the product: 
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(b) First identify the carbon atoms that will be joined. 
The carbon atom connected directly to the iodide group 
(in the vinyl iodide) will be joined with the carbon atom 
connected directly to tin (Sn) in the organostannane, 
highlighted here: 


I 
N $ Bun OD 


Then, rotate the coupling partners so that they are 
aligned to form a bond, and draw the product: 


Po — a 


In this case, there are two C=C units (one in the organic 
electrophile and the other in the organostannane). So, 
when drawing the product, we must be careful that each 
of these C=C units maintains its E configuration. 


(c) First identify the carbon atoms that will be joined. 
The carbon atom connected directly to the bromide 
group (in the aryl bromide) will be joined with the 
carbon atom connected directly to tin (Sn) in the 
organostannane, highlighted here: 


Br 
+ C= 
MeO s 
O 


Then, rotate the coupling partners so that they are 
aligned to form a bond, and draw the product: 


(d) First identify the carbon atoms that will be joined. 
The carbon atom connected directly to the iodide group 
(in the aryl iodide) will be joined with the carbon atom 
connected directly to tin (Sn) in the organostannane, 
highlighted here: 
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t A SnBu; 


O 
Then, rotate the coupling partners so that they are 
aligned to form a bond, and draw the product: 


H # 


(e) First identify the carbon atoms that will be joined. 
The carbon atom connected directly to the bromide 
group (in the vinyl bromide) will be joined with the 
carbon atom connected directly to tin (Sn) in the 
organostannane, highlighted here: 


xax Br 
O 5 + O ses 
N 


\ 
R 


Then, rotate the coupling partners so that they are 
aligned to form a bond, and draw the product: 


In this case, the organic electrophile has a C=C unit with 
the E configuration. So, when drawing the product, we 
must be careful that that this C=C unit maintains its E 
configuration. 


(f) First identify the carbon atoms that will be joined. 
The carbon atom connected directly to the triflate group 
(in the vinyl triflate) will be joined with the carbon atom 
connected directly to tin (Sn) in the organostannane, 
highlighted here: 


OTf 
# SAA snBu; 


Then, rotate the coupling partners so that they are 
aligned to form a bond, and draw the product: 


One 


Oe 


23.13. First identify the carbon atoms that will be 
joined. The carbon atom connected directly to the 
triflate group will be joined with the carbon atom 
connected directly to the trimethylstannane group, 
highlighted below. The compound is then redrawn so 
that the coupling partners are aligned: 


Me3Sn 


OTf 


/ “cO;Me 


SS 


% 
o 


A new o bond is then formed between the highlighted 
carbon atoms, giving the following diene: 


/ “COMe 


© 


23.14. The problem statement indicates an 
intramolecular process, which means that both coupling 
partners are tethered within the same molecule. The 
carbon atom connected directly to the iodide group will 
be joined with the carbon atom connected directly to tin 
(Sn) in the organostannane, highlighted here: 


L j e a 
xax SnBu 
o 3 


RO I 
Next we align the coupling partners and draw the 
product of the intramolecular Stille coupling process: 
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RO S Soe O 


OR O 


RO 1 O 


Then, in the final step of the synthesis, the coupling 
product is treated with HCl, converting both OR groups 
into OH groups, giving (S)-zearalenone, as shown: 


OR O 
e) 
RO A O 
| HCI 
OH O 
Q 
HO A O 
C18H2205 


23.15. First identify the carbon atoms that will be 
joined. The carbon atom connected directly to the 
triflate group will be joined with the carbon atom 
connected directly to the trimethylstannane group, 
highlighted below: 


Me3Sn OTMS 
oTt SC 


Then, redraw the coupling partners so that they are 
aligned to form a bond (neither of the coupling partners 
needs to be rotated in this case), and draw the product: 


977 
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M, 


S OTMS 


Mn, 


23.16. 

(a) First identify the carbon atoms that will be joined. 
The carbon atom connected directly to the triflate group 
will be joined with the carbon atom connected directly to 
boron in the organoboron compound, highlighted here: 


OTf 
ee 
px + \ 
-B 
1S) of ~~ ome 


Then, rotate the coupling partners so that they are 
aligned to form a bond, and draw the product: 


T van 
a ya 


In this case, the organic electrophile has a C=C unit with 
the E configuration, and the organoboron compound has 
a C=C unit with the E configuration. So, when drawing 
the product, we must be careful that that each of these 
C=C units maintains its configuration. 

(b) First identify the carbon atoms that will be joined. 
The carbon atom connected directly to the bromide will 
be joined with the carbon atom connected directly to 
boron in the organoboron compound, highlighted here: 


Ola Br = 


Then, rotate the coupling partners so that they are 
aligned to form a bond, and draw the product: 
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In this case, the organic electrophile has a C=C unit with 
the E configuration, and the organoboron compound has 
a C=C unit with the E configuration. So, when drawing 
the product, we must be careful that that each of these 
C=C units maintains its configuration. 

(c) First identify the carbon atoms that will be joined. 
The carbon atom connected directly to the iodide will be 
joined with the carbon atom connected directly to boron 
in the organoboron compound, highlighted here: 


Then, rotate the coupling partners so that they are 
aligned to form a bond, and draw the product: 


(d) First identify the carbon atoms that will be joined. 
The carbon atom connected directly to the iodide will be 
joined with the carbon atom connected directly to boron 
in the organoboron compound, highlighted here: 


I OMe 
¥ 
MeO MeO~ Se aed 
O 


Then, rotate the coupling partners so that they are 
aligned to form a bond, and draw the product: 


In this case, the organoboron compound has a C=C unit 
with the E configuration. So, when drawing the product, 
we must be careful that this C=C unit maintains its 
configuration. 


23.17. 

(a) Upon treatment with catechol borane, the alkyne is 
converted into a vinyl boronic ester with the E 
configuration: 


OS 2 


In the presence of base and catalytic Pd(PPh3)a, this vinyl 
boronic ester can then couple with the vinyl bromide via 
a Suzuki coupling reaction. 


To draw the product of the Suzuki coupling reaction, 
first identify the carbon atoms that will be joined. The 
carbon atom connected directly to the bromide will be 
joined with the carbon atom connected directly to boron 
in the organoboron compound, highlighted here: 


Then, rotate the coupling partners so that they are 
aligned to form a bond, and draw the product: 


In this case, the organic electrophile has a C=C unit with 
the Z configuration, and the organoboron compound has 
a C=C unit with the E configuration. So, when drawing 
the product, we must be careful that that each of these 
C=C units maintains its configuration. 
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23.18. In the first step of the reaction sequence, 9-BBN adds across a m bond (hydroboration). Of the three m bonds 
indicated below, the one that is monosubstituted is the least sterically hindered and thus most susceptible to reaction 
with this bulky cyclic alkylborane. 


tetrasubstituted 


monosubstituted 


trisubstituted 


An additional hint suggesting reaction at the monosubstituted x bond comes from the wording of the problem statement 
(that this sequence makes an 8-membered ring). The first reaction installs a borane group, so the second reaction is 
likely an intramolecular Suzuki coupling between the carbon atom bonded to the boron after step 1 (C8 below) and the 
carbon atom bonded to iodine (C1 below). Bond formation between these two carbon atoms would indeed make a new 
8-membered ring, as indicated by the numbered atoms below. 


During step one of the process, 9-BBN adds across the monosubstituted = bond in an anti-Markovnikov addition, 
giving compound 2. 


Compound 2 then undergoes an intramolecular Suzuki coupling reaction upon treatment with a palladium catalyst 
under basic conditions, giving compound 3. The highlighted carbon atoms are joined as result of this process: 
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NaOH 


io 
Ò 


23.19. 
(a) We begin by identifying the bonds in compound 1 
that will be made, highlighted here: 


NO2 


Compound A contains both an aryl bromide group and 
an aryl boronic acid group. So, disconnection of 
compound 1 at the top biaryl bond will reveal a para- 
methoxy boronic acid coupling partner, while 
disconnection at the bottom biaryl bond will reveal a 
para-nitro aryl iodide partner, shown below: 


OMe 


Now let’s consider the forward reaction sequence. 
Compound 1 is prepared from compound A via two 
successive Suzuki cross coupling reactions: 


AEE 


pe A 
« ) a Pd aya N ) oe 


A 


Pd catalyst 


OMe 
HO i ) 
l 


Compound B (shown above) is formed via the Suzuki 
cross coupling between compound A and the para-nitro 
aryl iodide. 


(b) Compound A contains both an aryl bromide group 
and an aryl boronic acid group, yet it does not react with 
itself under these conditions. Rather, it prefers to cross 
couple with the para-nitro aryl iodide. This is likely due 
to the fact that aryl iodides participate much faster in 
Suzuki cross coupling reactions than aryl bromides. 


23.20. 

(a) First identify the carbon atoms that will be joined. 
The carbon atom connected directly to the bromide will 
be joined with the carbon atom connected directly to Zn 
in the organozinc, highlighted here: 


O Br 
C + Bran x” 
O 
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Then, realign the coupling partners so that they are 
aligned to form a bond, and draw the product: 


i TP 
Ay \ 4 Ş 


In this case, the organozinc has a C=C unit with the £ 
configuration. So, when drawing the product, we must 
be careful that this C=C unit maintains its configuration. 


(b) First identify the carbon atoms that will be joined. 
The carbon atom connected directly to the bromide will 
be joined with the carbon atom connected directly to zinc 
in the organozinc, highlighted here: 


Br 
OSi(tBu)3 


BrZn 


Then, rotate the coupling partners so that they are 
aligned to form a bond, and draw the product: 


OSi(tBu)3 


WN 
pt 


OSi(tBu)s 
>S 


(0) 


In this case, the organozinc has a C=C unit with the £ 
configuration. So, when drawing the product, we must 
be careful that this C=C unit maintains its configuration. 


(c) First identify the carbon atoms that will be joined. 
The carbon atom connected directly to the iodide will be 
joined with the carbon atom connected directly to zinc in 
the organozinc, highlighted here: 


I 
ber 


Then, rotate the coupling partners so that they are 
aligned to form a bond, and draw the product: 


O BrZn 
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(d) First identify the carbon atoms that will be joined. 
The organic electrophile is a dibromide; and the more 
reactive vinyl bromide serves as the coupling partner. 
The sp’ carbon atom connected directly to the bromide 
will be joined with the carbon atom connected directly to 
zinc in the organozinc, highlighted here: 


Br _ Can S 
on ae x S 


Then, rotate the coupling partners so that they are 
aligned to form a bond, and draw the product: 


AAs DTS 
E 


SS 
Sao 


In this case, the organic electrophile has a C=C unit with 
the E configuration, and the organozinc has a C=C unit 
with the Z configuration. So, when drawing the product, 
we must be careful that each of these C=C units 
maintains its configuration. Note that each of the other 
two C=C units in the organozinc reagent also maintains 
its configuration giving the £,Z,Z,E product. 


23.21. First identify the carbon atoms that will be joined 
in the first step. The organic electrophile is both a vinyl 
iodide and a vinyl bromide. The more reactive vinyl 
iodide serves as the coupling partner. The carbon atom 
connected directly to the iodide will be joined with the 
carbon atom connected directly to zinc in the organozinc, 
highlighted here: 


BrZn— == — Si(tBu)3_ + LAA pr 


Then, rotate the coupling partners so that they are 
aligned to form a bond, and draw the product (A): 
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(Busi ==>-3 + h i 


Br 
(tBu)3Si—— =a J 
A 


In this case, the organic electrophile has a C=C unit with 
the E configuration. So, when drawing the product, we 
must be careful that this C=C unit maintains its 
configuration. 

Next identify the carbon atoms that will be joined in the 
second step. The carbon atom connected directly to the 
bromide in A will be joined with the carbon atom 
connected directly to zinc in the organozinc, highlighted 
here: 


Br a 
a ai + Brznaš= 
A 


Then, redraw the coupling partners so that they are 
aligned to form a bond, and draw the product (B): 


PNE ' = 


A 


oe ee ile o 
B 


In this case, the organic electrophile has a C=C unit with 
the E configuration. So, when drawing the product, we 
must be careful that this C=C unit maintains its 
configuration. 


23.22. First identify the carbon atoms that will be 
joined. The carbon atom connected directly to the iodide 
(of the vinyl iodide) will be joined with the carbon atom 
connected directly to Zr in the organozirconium, 
highlighted here: 


Note that ZnCl2 is used in this reaction, so the active 
organometallic species is likely the organozinc 
compound resulting from a transmetallation from Zr to 
Zn: 


Next, realign the coupling partners so that they are 
aligned to form a bond, and draw the product: 


O Z s 
+ 


Ng 


In this case, the organic electrophile has a C=C unit with 
the E configuration, and the organozinc has a C=C unit 
with the E configuration. So, when drawing the product, 
we must be careful that each of these C=C units 
maintains its configuration. 


23.23. 

(a) First identify the new C-C bond in compound 3 that 
was formed via Negishi coupling. Analysis of the 
structures of 1 and 3 leads to the identification of the 
newly formed bond in 3 as indicated here with a wavy 
line: 


o ZnCl 
e200 
1 C 
O 
Te. | 
Pd(PPhs)4 Cy | CO2Me 
O 


3 


Next, identify the structure of organic electrophile 2 (a 
vinyl bromide) by disconnecting the C-C bond that is 
formed in the Negishi coupling: 
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O 


( 


O 


O CO;Me 
\é 


Bi 
Ê Ty Y ZnCl 
O 1 


Note that at the C=C unit of 2 the arene and ester 
(CO2Me) are trans to each other. This trans relationship 
is preserved in 3. 


r COMe 


(b) The question states that savinin and gadain are 
isomers of each other, differing only in the configuration 
of the C=C unit. Changing the configuration of the £ 
alkene in savinin thus provides the structure of gadain, a 
Z alkene: 


savinin 


gadain 


Changing the configuration of 2 gives the vinyl bromide 
that would be utilized to produce the intermediate that 
would be subsequently converted to gadain, as shown: 
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> 
O 
Br COMe 
ZnCl 
O 1 
ee 
O 
C e CO,Me 
ie) 
gadain 
23.24. 


(a) Analyze the structure of the product and determine 
which bond(s) can be made via a Heck reaction. Recall 
that a Heck reaction forms a bond between a vinyl 
position and either an aryl, vinyl or benzyl position. In 
the desired compound, there is only one bond that fits 
this criterion: 


ones 


This bond, indicated with a wavy line, is between an aryl 
group and a vinyl group. To make this bond via a Heck 
reaction, we must start with an organohalide and an 
alkene. Since one of the coupling partners must be an 
alkene, the other partner (in this case) must be an aryl 
halide, as shown: 


Notice that the alkene is monosubstituted, with an 
electron-withdrawing substituent, so we expect the 
reaction to be very effective. 


(b) Analyze the structure of the product and determine 
which bond(s) can be made via a Heck reaction. Recall 
that a Heck reaction forms a bond between a vinyl 
position and either an aryl, vinyl or benzyl position. In 
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the desired compound, there are two bonds that fit this 
criterion: 


TORNO ons 


Each of these bonds, indicated with a wavy line, is 
between an aryl group and a vinyl group. To make either 
of these bonds via a Heck reaction, we must start with an 
organohalide and an alkene. This gives two possible 
synthetic routes, both of which are viable: 


Possibility #1 


Possibility #2 


ON Oon 
| 


The second possibility has the added advantage that the 
starting monosubstituted alkene has an electron- 
withdrawing substituent (so we expect the reaction to be 
very effective). 


(c) Analyze the structure of the product and determine 
which bond(s) can be made via a Heck reaction. Recall 
that a Heck reaction forms a bond between a vinyl 
position and either an aryl, vinyl or benzyl position. In 
the desired compound, there is only one bond that fits 


this criterion: 
O 
O 


This bond, indicated with a wavy line, is between an aryl 
group and a vinyl group. To make this bond via a Heck 
reaction, we must start with an organohalide and an 
alkene. Since one of the coupling partners must be an 
alkene, the other partner (in this case) must be an aryl 
halide, as shown: 


KORI 
‘OY 


(d) Analyze the structure of the product and determine 
which bond(s) can be made via a Heck reaction. Recall 
that a Heck reaction forms a bond between a vinyl 
position and either an aryl, vinyl or benzyl position. In 


the desired compound, there is only one bond that fits 
this criterion: 


This bond, indicated with a wavy line, is between an aryl 
group and a vinyl group. To make this bond via a Heck 
reaction, we must start with an organohalide and an 
alkene. Since one of the coupling partners must be an 
alkene, the other partner (in this case) must be an aryl 
halide, as shown: 


Notice that the alkene is monosubstituted, with an 
electron-withdrawing substituent, so we expect the 
reaction to be very effective. 


(e) Analyze the structure of the product and determine 
which bond(s) can be made via a Heck reaction. Recall 
that a Heck reaction forms a bond between a vinyl 
position and either an aryl, vinyl or benzyl position. In 
the desired compound, there is only one bond that fits 


this criterion: 
cad 
O 


This bond, indicated with a wavy line, is between two 
vinyl groups. Since this bond must be made via a Heck 
reaction, we must consider the following two 
possibilities, each of which starts with an alkene and a 
vinyl iodide: 
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ST Je l 


PY = Se 


The first possibility is not viable because Heck reactions 
are stereoselective with respect to the starting alkene, 
and the E isomer (rather than the Z isomer) would be 


expected: 
I 
woe 


Za 
+ O 
PdL> 
Base FE) a 
O 


This is not the desired stereochemical outcome, so we 
turn our attention to the second possibility. This 
possibility works, and it has the added advantage that the 
starting alkene is monosubstituted, with an electron- 
withdrawing substituent (so we expect the reaction to be 
very effective). 


Cannas 


| PdL, Base 


SA 
O 


(f) Analyze the structure of the product and determine 
which bond(s) can be made via a Heck reaction. Recall 
that a Heck reaction forms a bond between a vinyl 
position and either an aryl, vinyl or benzyl position. In 
the desired compound, there is only one bond that fits 


this criterion: 
oe 


This bond, indicated with a wavy line, is between a 
benzyl group and a vinyl group. To make this bond via a 
Heck reaction, we must start with an organohalide and an 
alkene. Since one of the coupling partners must be an 
alkene, the other partner (in this case) must be a benzyl 
halide, as shown: 
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Notice that the alkene is monosubstituted, with an 
electron-withdrawing substituent, so we expect the 
reaction to be very effective. 


23.25. In a Heck reaction, an alkene is coupled with an 
organohalide. In this case, the two coupling partners are 
tethered together in the same compound: 


O O 


alkene 
vinyl iodide AAo Ae 


I 


Upon treatment with a base and a suitable palladium 
catalyst, an intramolecular Heck reaction can occur. 
Notice that the Z configuration of the vinyl iodide is 
preserved. The new C-C bond is formed regioselectively 
and stereoselectively, with the Æ configuration being 
formed: 


10) 
2 (0) (0) o 
Aho = i a 
I 2 
0 
(0) 
VN 
Qe ° 


23.26. Begin by identifying the carbon atoms that will 
be joined. The carbon atom connected to the iodide will 
be joined directly to the proximal carbon of the alkene (a 
bond will be formed between the two highlighted 
positions): 


Next, consider the intermediate that forms when the 
palladium catalyst interacts with compound 1. 
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O 


In this case, due to the configuration about the C-N bond 
(the N is on a wedge, coming out of the plane of the 
page), we expect oxidative addition to occur above 
(rather than below) the plane of the boat-shaped 
cyclohexene ring. When syn-addition occurs across the 
alkene, the new C-C bond forms the 6-membered ring 
with stereochemistry as shown. 


[s 
PdL,I OR 


SZ b 


Finally, in order to regenerate the catalyst, reductive 
elimination must take place. The new C-Pd adduct 
cannot undergo a conformational change via C-C bond 
rotation. Therefore, the syn-reductive elimination will 
have to occur at one of two sites within the molecule 
with accessible syn hydrogen atoms beta to the Pd 
(highlighted). Due to ring strain, the alkene that forms is 
exocyclic to the existing boat-shaped cyclohexane ring. 


H ee 
O 


OR 


23.27. 

(a) The starting material is a monosubstituted alkene, 
which is an excellent starting material for alkene 
metathesis. To draw the metathesis product, we begin by 
drawing two molecules of the starting alkene, and we 
remove a methylene group from the C=C unit of each 
molecule (these methylene groups ultimately combine to 
give ethylene gas). We then draw a double bond 


between the remaining vinyl positions, as shown. Don’t 
forget that a mixture of E and Z isomers is expected. 


(ye 
a) 


Grubbs 


(E + Z isomers) 


(b) The starting material is a 2,2-disubstituted alkene, 
which is an excellent starting material for alkene 
metathesis. To draw the metathesis product, we begin by 
drawing two molecules of the starting alkene, and we 
remove a methylene group from the C=C unit of each 
molecule (these methylene groups ultimately combine to 
give ethylene gas). We then draw a double bond 
between the remaining vinyl positions, as shown. Don’t 
forget that a mixture of E and Z isomers is expected. 


CH2 


HC. 


Grubbs 
cat. 


(E + Z isomers) 


(c) The starting material is a 2,2-disubstituted alkene, 
which is an excellent starting material for alkene 
metathesis. To draw the metathesis product, we begin by 
drawing two molecules of the starting alkene, and we 
remove a methylene group from the C=C unit of each 
molecule (these methylene groups ultimately combine to 
give ethylene gas). We then draw a double bond 
between the remaining vinyl positions, as shown. 


( Hen na ) 


Grubbs 
cat. 
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(d) The starting material is a monosubstituted alkene, 
which is an excellent starting material for alkene 
metathesis. To draw the metathesis product, we begin by 
drawing two molecules of the starting alkene, and we 
remove a methylene group from the C=C unit of each 
molecule (these methylene groups ultimately combine to 
give ethylene gas). We then draw a double bond 
between the remaining vinyl positions, as shown. Don’t 
forget that a mixture of E and Z isomers is expected. 


(e) The starting material is a monosubstituted alkene, 
which is an excellent starting material for alkene 
metathesis. To draw the metathesis product, we begin by 
drawing two molecules of the starting alkene, and we 
remove a methylene group from the C=C unit of each 
molecule (these methylene groups ultimately combine to 
give ethylene gas). We then draw a double bond 
between the remaining vinyl positions, as shown. Don’t 
forget that a mixture of E and Z isomers is expected. 


o Grubbs 
a Qh cat. KAONA 2 
EE (E + Z isomers) 
2 
NAOS 
CH2 
+ H 
CH2 


(f) The starting material is a 2,2-disubstituted alkene, 
which is an excellent starting material for alkene 
metathesis. To draw the metathesis product, we begin by 
drawing two molecules of the starting alkene, and we 
remove a methylene group from the C=C unit of each 
molecule (these methylene groups ultimately combine to 
give ethylene gas). We then draw a double bond 
between the remaining vinyl positions, as shown. 


Oct Ho > 
{car 
OX: g 
CH3 


cat. 
23.28. The starting alkene is trans-2-pentene, which is 
comprised of two different alkylidene fragments, 
highlighted here: 


Me H 


= 


H Et 


During metathesis, these alkylidene fragments are 
separated from each other, and then recombined in all 
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possible permutations. In this case, there are three 
possible products, each of which is expected as a mixture 
of E and Z isomers. 


Me H Et H Me H 


H Me H Et H Et 
(E + Z isomers) (E + Z isomers) (E + Z isomers) 
(Notice that the third product is also the starting alkene) 


23.29. To draw the starting materials necessary to make 
the desired compound via alkene metathesis, we must 
separate the alkylidene fragments found in the product, 
and then attach a methylene group to each fragment: 


OK? 


c= ne i "E < >} 


These two alkenes are identical. Therefore, the desired 
product can be made by treating this starting alkene with 
a Grubbs catalyst: 


D 


23.30. 

(a) First, identify any C=C unit that is incorporated into 
a ring. In this case, the highlighted m bond is 
incorporated into a seven-membered ring: 


Grubbs cat. 


— > O O 


N 


4% 


H 


In order to draw the starting diene, we erase the 
highlighted C=C bond of the ring, and then connect a 
methylene (CH2) group to each of the two vinyl 
positions, like this: 


(b) First, identify any C=C unit that is incorporated into 
a ring. In this case, the highlighted m bond is 
incorporated into a six-membered ring: 
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oO 


In order to draw the starting diene, we erase the 
highlighted C=C bond of the ring, and then connect a 
methylene (CH2) group to each of the two vinyl 
positions, like this: 


(©) O 


or OAN 


(c) First, identify any C=C unit that is incorporated into 
a ring. In this case, the highlighted m bond is 
incorporated into a five-membered ring: 


O, O 


In order to draw the starting diene, we erase the 
highlighted C=C bond of the ring, and then connect a 
methylene (CH2) group to each of the two vinyl 
positions, like this: 


O O O O 
Up= 
(d) First, identify any C=C unit that is incorporated into 


a ring. In this case, the highlighted m bond is 
incorporated into a six-membered ring: 


In order to draw the starting diene, we erase the 
highlighted C=C bond of the ring, and then connect a 
methylene (CH2) group to each of the two vinyl 
positions, like this: 


O 


23.31. 

(a) The starting material is a diene, which can undergo a 
ring-closing metathesis upon treatment with a Grubbs 
catalyst. To draw the metathesis product, we remove a 
methylene group from each C=C unit (these methylene 
groups ultimately combine to give ethylene gas). We 
then draw a double bond between the remaining vinyl 
positions, as shown: 

Grubbs o 


oO cat. CH2 
——- { ) + Il 
= CH 
| 2 
H2C CH2 


(b) The starting material is a diene, which can undergo a 
ring-closing metathesis upon treatment with a Grubbs 
catalyst. To draw the metathesis product, we remove a 
methylene group from each C=C unit (these methylene 
groups ultimately combine to give ethylene gas). We 
then draw a double bond between the remaining vinyl 
positions, as shown: 


X CH3 pa CH) 
——_> / + PR 


ie) CH2 


(c) The starting material is a diene, which can undergo a 
ring-closing metathesis upon treatment with a Grubbs 
catalyst. To draw the metathesis product, we remove a 
methylene group from each C=C unit (these methylene 
groups ultimately combine to give ethylene gas). We 
then draw a double bond between the remaining vinyl 
positions, as shown: 


HC CH2 


Grubbs 
cat. CH2 
of H 


O 


(d) The starting material is a diene, which can undergo a 
ring-closing metathesis upon treatment with a Grubbs 
catalyst. To draw the metathesis product, we remove a 
methylene group from each C=C unit (these methylene 
groups ultimately combine to give ethylene gas). We 
then draw a double bond between the remaining vinyl 
positions, as shown: 


O 
CH2 
AA 
N Bg AA 
O SCH) 
Grubbs 
cat. 
CH 
be 
No 2 
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23.32. 

(a) As described in the problem statement, olefin 
metathesis of this triene results in cleavage of the cyclic 
C=C unit and formation of two new C=C units, giving a 
product with two new five-membered rings: 


O O 
i aN 
new new 
C=C C=C 
bond #1 bond #2 

Grubbs catalyst 


(b) As described in the problem statement, olefin 
metathesis of this triene results in cleavage of the cyclic 
C=C unit and formation of two new C=C units, giving a 
product with a five-membered ring and a six-membered 
ring: 


bond #2 


Grubbs catalyst 


one, 


23.33. First identify the carbon atoms that will be joined. 
The carbon atom connected directly to the bromide (in 
the aryl bromide) will be joined with the carbon atom 
connected directly to tin (Sn) in the organostannane, 
highlighted here: 


Br 
O: One 
2N 


Then, rotate the coupling partners so that they are 
aligned to form a bond, and draw the product: 


-O=O 
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23.34. The starting material is a diene, which can 
undergo a ring-closing metathesis upon treatment with a 
Grubbs catalyst. To draw the metathesis product, we 
remove a methylene group from each C=C unit (these 
methylene groups ultimately combine to give ethylene 
gas). We then draw a double bond between the 
remaining vinyl positions, giving compound A: 


Oo Grubbs 
cat. 
cw ao —= + chg 
HC i Ho Cc H 2 


A 
Compound A is an alkene, and it will undergo a Heck 
reaction upon treatment with an aryl halide in the 
presence of a suitable catalyst, to give compound B: 


oO 


oMi 
i O 


B 


O 


Pd(PPh3)4 


Notice the position of the n bond in compound B. This 
is the only regiochemical outcome that can accommodate 
syn elimination. 

The C=C unit in compound B can undergo a ring- 
opening metathesis upon treatment with a Grubbs 
catalyst. To draw the metathesis product (compound C), 
we break the C=C unit and introduce a methylene group 
at each vinylic position: 


oO O 
a 
© Grubbs cat. \ 
a ad 
H H 
\ / 
C=C 
/ \ 
B Cc 


23.35. Upon treatment with two equivalents of lithium, 
the bromide group (in the starting material) is replaced 
with a lithium atom, giving an organolithium compound. 
This organolithium compound is then converted into the 
corresponding arylboronic ester (compound A) upon 
treatment with trimethylborate, B(OMe)s: 


OMe 
B, 
Ai 


Compound A is an arylboronic ester, and it will undergo 
a Suzuki coupling reaction upon treatment with an 
organohalide in the presence of Pd(PPhs3)4. In order to 
draw the coupling product (compound B) more easily, 
the organohalide has been rotated in the following 
drawing. Notice that the organohalide has a C=C unit 


, DEC Li (2 eq.) 
2) BOMe)s B(OMe)3 
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with the Z configuration. So, when drawing B, we must 


be careful that this C=C unit maintains its configuration. 
— 
O 
i A $ 
B 


MS 
B 
O 
A 
C 


Compound B has two monosubstituted C=C units that 
can undergo a ring-closing metathesis upon treatment 
with a Grubbs catalyst. To draw the metathesis product, 
we remove a methylene group from each C=C unit (these 
methylene groups ultimately combine to give ethylene 
gas). We then draw a double bond between the 
remaining vinyl positions, giving compound C: 


— O Grubbs — fe) 
cat. 
———> 
O fe) 
Y x. 
HC CH2 c CH2 
B 


+ J 
CH2 


Pd(PPh3)4 TNO 


23.36. Exaltolide is a diene, which can undergo a ring- 
closing metathesis upon treatment with a Grubbs 
catalyst. To draw the metathesis product, we remove a 
methylene group from each C=C unit (these methylene 
groups ultimately combine to give ethylene gas). We 
then draw a double bond between the remaining vinyl 
positions. This metathesis product has a C=C unit that 
undergoes hydrogenation to give exaltolide, as shown 
below: 
O 


2X 
(0) “SCH 


2ACH2 


CH2 
Grubbs cat. O 


o ZA 
a e 


Exaltolide 
(C15H2802) 


23.37. 

(a) The starting materials are an aryl diiodide and two 
equivalents of an alkene. These compounds will serve as 
coupling partners in two successive Heck reactions, as 
shown below. The coupling partners have been rotated 
in order to draw the coupling product more easily. 
Notice that the aromatic ring is coupled to each of the 
C=C units regioselectively (at the less substituted 
position) and stereoselectively (to give an E alkene), as 
shown. 


py XS \ 
~ Pd(OAc)> = 


PPhs 
EtsN 


(b) The starting materials are an aryl iodide and an 
alkene. These compounds will serve as coupling 
partners in a Heck reaction, as shown below. The 
coupling partners have been rotated in order to draw the 
coupling product more easily. Notice that the aromatic 
ring is coupled to the C=C unit regioselectively (at the 
less substituted position) and stereoselectively (to give 
an E alkene), as shown. 


= 


O 
Pd(OAc)p 


PPh3 
EtsN 


OK 


= 


(c) The starting materials are an aryl triflate and an 
alkene. These compounds will serve as coupling 
partners in a Heck reaction, as shown. The coupling 
partners have been rotated in order to draw the coupling 
product more easily. Notice the position of the bond in 
the product (this is the only regiochemical outcome that 
can accommodate syn elimination). 
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+ ro) 


Pd(OAc)s 
PPh; 
EtsN 


OO 


(d) The starting materials are an aryl iodide and an aryl 
alkene. These compounds will serve as coupling 
partners in a Heck reaction, as shown below. The 
coupling partners have been rotated in order to draw the 
coupling product more easily. Notice that the aryl iodide 
is coupled to the C=C unit regioselectively (at the less 
substituted position) and stereoselectively (to give an Æ 
alkene), as shown. 


23.38. 

(a) The C=C unit undergoes a ring-opening metathesis 
upon treatment with a Grubbs catalyst. To draw the 
metathesis product, we break the C=C unit and introduce 
a methylene group at each vinylic position, like this: 


O Grubbs cat. X 
— 
H H 
\ / 
C=C 4 
H H 


(b) The C=C unit undergoes a ring-opening metathesis 
upon treatment with a Grubbs catalyst. To draw the 
metathesis product, we break the C=C unit and introduce 
a methylene group at each vinylic position, like this: 


A 


A 
\ Grubbs cat. A z © 
<< 


H H 
th 
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(c) The C=C unit undergoes a ring-opening metathesis 
upon treatment with a Grubbs catalyst. To draw the 
metathesis product, we break the C=C unit and introduce 
a methylene group at each vinylic position, like this: 


H 
aS. cat. SN 
ce we 
C H 
H 


(d) The C=C unit undergoes a ring-opening metathesis 
upon treatment with a Grubbs catalyst. To draw the 
metathesis product, we break the C=C unit and introduce 
a methylene group at each vinylic position, like this: 


Grubbs O 
cat. 


Ctl ba ni 


© 
Q- 
pE: 
ine 
N 


(e) The C=C unit undergoes a ring-opening metathesis 
upon treatment with a Grubbs catalyst. To draw the 
metathesis product, we break the C=C unit and introduce 
a methylene group at each vinylic position, like this: 


Grubbs cat. 


(£) The C=C unit undergoes a ring-opening metathesis 
upon treatment with a Grubbs catalyst. To draw the 
metathesis product, we break the C=C unit and introduce 
a methylene group at each vinylic position, like this: 


QO 


S 
\ Grubbs cat. \ O 
H 


23.39. 

(a) The starting material has two C=C units that can 
undergo a ring-closing metathesis upon treatment with a 
Grubbs catalyst. To draw the metathesis product, we 
remove a methylene group from each C=C unit (these 
methylene groups ultimately combine to give ethylene 
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gas). We then draw a double bond between the 
remaining vinyl positions, giving the following product: 


mae 
CH2 
H—N l Ø 
4 
oO 


(b) The starting material has two C=C units that can 
undergo a ring-closing metathesis upon treatment with a 
Grubbs catalyst. To draw the metathesis product, we 
first redraw the starting material so that the C=C units 
are in close proximity. Then, we remove a methylene 
group from each C=C unit (these methylene groups 
ultimately combine to give ethylene gas). We then draw 
a double bond between the remaining vinyl positions, 
giving the following product: 


/ 


Grubbs 
HO, A cat. 


I + 


(c) The starting material has two C=C units that can 
undergo a ring-closing metathesis upon treatment with a 
Grubbs catalyst. To draw the metathesis product, we 
remove a methylene group from each C=C unit (these 
methylene groups ultimately combine to give ethylene 
gas). We then draw a double bond between the 
remaining vinyl positions, giving the following product: 


CH2 
Grubbs g 
cat. 
— 
OMe OMe 
O H 


(0) H 
+ 


(d) The starting material has two C=C units that can 
undergo a ring-closing metathesis upon treatment with a 
Grubbs catalyst. To draw the metathesis product, we 
remove a methylene group from each C=C unit (these 
methylene groups ultimately combine to give ethylene 


gas). We then draw a double bond between the 
remaining vinyl positions, giving the following product: 


O 


A a 


Grubbs 
cat. 


23.40. 

(a) Lithium diphenyl cuprate is a Gilman reagent, and it 
will react with the following vinyl iodide to give a 
coupling product, as shown here: 


I1 —— > 


(b) Upon treatment with catechol borane, the alkyne is 
converted into a vinyl boronic ester with the Æ 
configuration. This compound then serves as a coupling 
partner in a Suzuki coupling reaction with 
bromobenzene. The carbon atom connected directly to 
the bromine atom will be joined with the carbon atom 
connected directly to boron in the organoboron 
compound. Notice that the E configuration is preserved 
during the process: 


O 
/ 
H—B 
\ 
O 
€ (catechol borane) 


< N O 

B’ 

C.HsBr, \ 
Pd(PPh3)4, O 


NaOH 


(c) The starting materials are a vinyl iodide and a vinyl 
boronic ester, indicating a Suzuki coupling reaction. The 
carbon atom connected directly to the iodide group will 
be joined with the carbon atom connected directly to 
boron in the organoboron compound, giving the product 
shown. The coupling partners have been rotated in order 
to draw the coupling product more easily. Notice that 
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the configuration of the trans C=C unit is preserved in 
the process: 


Pd(PPh3)4 
NaOH 


\ 


Ph 


(d) The starting materials are an aryl triflate and an 

alkene, indicating a Heck reaction. The coupling 

partners have been rotated in order to draw the coupling 

product more easily. Notice that the aryl triflate is 

coupled to the C=C unit regioselectively (at the less 

substituted position) and stereoselectively (to give an E 
0 


alkene), as shown: 
\ z O 
[o EON 
H 


Pd(OAc)2 
PPh; 
Et,N 


0. 
O 
aN 


23.41. 
(a) In a Simmons-Smith reaction, the C=C unit is 
converted into a three-membered ring. This newly 
formed ring can be cis or trans to the t-butyl group, as 
shown: 


A B 

(b) Compounds A and B have the same constitution 
(connectivity of atoms), but they differ from each other 
in their configuration, so they are stereoisomers. More 
specifically, compounds A and B are stereoisomers that 
are not mirror images, so they are diastereomers. 

(c) If we take steric considerations into account, we 
would expect that cyclopropanation will occur more 
readily on the face that is less sterically hindered (the 
face that is trans to the t-butyl group). Therefore, 
compound B is expected to predominate. 
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23.42. When compound A undergoes an intramolecular 
Heck reaction, the position of a n bond changes, because 
this is the only regiochemical outcome that can 


accommodate syn elimination: 
A This n bond 


moved 
In contrast, when compound B undergoes an 
intramolecular Heck reaction, the x bonds remain in the 
same location: 


I Heck 
Se reaction bat 
— 
B 
23.43. 


(a) The problem statement indicates that lithium 
diphenylcuprate must be used. This dictates which bond 
must be made, as well as the identity of the coupling 
partner (the organohalide), as shown in the following 
retrosynthetic scheme: 


Heck 


reaction 
— l 


Ph 
\ 

Pr => pui + oe 
Ph 


The forward synthesis is shown below, using a vinyl 
iodide as the organohalide. Alternatively, a vinyl triflate 
or vinyl bromide can be used. 


Ph CuLi x 
b = 


(b) The problem statement indicates that lithium 
diphenylcuprate must be used. This dictates which bond 
must be made, as well as the identity of the coupling 
partner (the organohalide), as shown in the following 
retrosynthetic scheme: 


Ph^ DOr 
| OCH3 
Ph E 
jouli + 
PH OCH; 
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The forward synthesis is shown below, using a benzyl 
bromide as the organohalide. Alternatively, a benzyl 
iodide or benzyl triflate can be used. 


ANA PhCuLi ) e 
$+ 
OCH; OCH; 


(c) The problem statement indicates that lithium 
diphenylcuprate must be used. This dictates which bond 
must be made, as well as the identity of the coupling 
partner (the organohalide), as shown in the following 
retrosynthetic scheme: 


Ph 
\ 

Pre = puu + <] 
Ph 


The forward synthesis is shown below, using an allyl 
bromide as the organohalide. Alternatively, an allyl 


iodide or allyl triflate can be used. 
s] m 


(d) The problem statement indicates that lithium 
diphenylcuprate must be used. This dictates which bond 
must be made, as well as the identity of the coupling 
partner (the organohalide), as shown in the following 
retrosynthetic scheme: 


PhCuLi 


Ph 
mK 2 —> pu + X 
Ph 
O 


The forward synthesis is shown below, using a vinyl 
iodide as the organohalide. Alternatively, a vinyl triflate 
or vinyl bromide can be used. 


nw, Ph,Cubi 
I — 
O O 


23.44. 

(a) The following retrosynthetic analysis shows how the 
desired compound can be made from 1-butyne via a 
Suzuki coupling reaction: 


O 


AS 
S 
The forward scheme is shown here: 
O 
/ 
H—B 
\ 
O 
N (catechol borane) 
S \ 
I~ Z—_ B ZO. 
\ 
Oo 


pede ad 


Pd(PPh3)4 
NaOEt 


(b) The following retrosynthetic analysis shows how the 
desired compound can be made from 1-butyne via a 
Suzuki coupling reaction: 


I ZF 


The forward scheme is shown here: 
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O 
tA 
H—B 
N 
O 


(catechol borane) 


A 


ae N 


1 


B 
\ 
O 


Ea 
Pd(PPh3)4 
NaOEt 


(c) The following retrosynthetic analysis shows how the 
desired compound can be made from 1-butyne via a 
Suzuki coupling reaction: 


aig) 


The forward scheme is shown here: 


o 
/ 
H—B 
\ 
O 


(catechol borane) 


aN 
x° | 
POF OS 20 
Ò 
Br. 
P Ul 
“CO ea 
NaOEt 


CHAPTER 23 995 


23.45. 

(a) As seen in the following retrosynthetic analysis, the 
desired product can be made from 4-nitrostyrene via a 
Heck reaction: 


IU 
| 
On O 


The forward synthesis is shown here, using 
bromobenzene as the organohalide. Alternatively, a 
triflate or iodide can be used. Notice that coupling 
occurs in a stereoselective fashion, giving the E isomer. 


Pd(OAc)o, 
PPh3 
Et3N 


(b) As seen in the following retrosynthetic analysis, the 
desired product can be made from 4-nitrostyrene via a 
Heck reaction: 


om 
ON 
ioe S 
+ I 
ON 


The forward synthesis is shown below, using a vinyl 
iodide as the organohalide. Alternatively, a triflate or 
bromide can be used. Notice that the configuration of 
the C=C unit of the vinyl iodide is preserved in the 
process. The other C=C unit adopts the E configuration, 
as expected. 
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S 
ioe + I NN 
ON 


| Pd(OAc)s, 


or 
ON 


(c) As seen in the following retrosynthetic analysis, the 
desired product can be made from 4-nitrostyrene via a 


Heck reaction: 
O~ = 
ON l 
S 
ey 
I 


4D 


The forward synthesis is shown below, using a vinyl 
iodide as the organohalide. Alternatively, a triflate or 
bromide can be used. Notice that coupling occurs in a 
stereoselective fashion, giving the E isomer. 


On- D 
+ 
ON I 


Pd(OAc)s, 
PPh3 
Et.N 


DE 
ON 


23.46. The product exhibits both a five-membered ring 
and a three-membered ring. The latter suggests a 
Simmons-Smith reaction. That is, the desired product 
can be made from an alkene. This alkene can be made 
from the starting material via ring-closing metathesis, as 
shown in the following retrosynthetic analysis: 


O2N 


H 
< > =o. | Sa rA 
H 


The forward synthesis is shown here: 


H 
Oe 1) Grubbs cat. o x 
el 
oo XN °2) CHolo, Zn-Cu, y 
Et,O A 
Grubbs H 
= CHyly, 
o | Zn-Cu, 
Et,O 


23.47. We must first determine which bond (in the 
product) will be made via a coupling process. The 
product has ten carbon atoms, and the starting material 
has five carbon atoms, which means that we must form 
the bond between C5 and C6 via a coupling reaction. 
This requires that we use organohalides, as shown in the 
following retrosynthetic analysis: 


LPF 
a a e ae ae a 
U \ 

a a ae 


The organohalides can be made directly from the starting 
material via addition of HBr in the presence of 
peroxides. The forward synthesis is shown here: 


HBr, 


ANN > Pee 
ROOR 
1) Li (2 eq.) 
2) Cul (0.5 eq.) 
3) 
ae ae a 
A274 


23.48. 

(a) The problem statement indicates that we must start 
with benzene. This determines the bond (in the product) 
that must be made: 


aN 


one = O 
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This bond can be made via a Heck reaction, as shown 
below. This strategy requires that we first convert 
benzene into bromobenzene, which can be achieved via 
electrophilic aromatic substitution (See Section 18.2): 


ZN 
Sa 
1) Bro, AlBr3 
2) Pd(OAc), 
PPhs, EtsN 
oN 
Ne Pd(OAc)s, PPh3 
Bro Et3N 
AIBr3 ee 


on ee 


(b) The problem statement indicates that we must start 
with benzene. This determines the bond (in the product) 
that must be made: 


NO== O 


We learned many coupling reactions in this chapter, so 
there are many ways to make this bond. The following 
retrosynthetic analysis employs a Suzuki coupling 


reaction: 
On 
OMe 
OMe 


The organohalide coupling partner (4-bromoanisole) can 
also be made from benzene, although the problem 
statement indicates that we can use benzene and any 
other reagents of our choice. So, we can choose to use 
4-bromoanisole and benzene as our starting materials, 
and we have satisfied the requirement of the problem. 
The forward synthesis is shown here: 


CHAPTER 23 997 


1) Bro, AlBr3 
—— OCH 
2) Li (2 eq.) S 


3) B(OMe)3 


Bro 4) 4-bromoanisole, A 
AlBr3 Pd(PPh3)4 Pd(PPh3)4 
NaOEt 


NaOEt 


¢ \—Br Š 
| Li (2 eq.) Br 


B(OMe)3 
Li — r 


For those who are interested, 4-bromoanisole can be 
made using reactions that we have learned in previous 
chapters (chlorination of benzene to give chlorobenzene, 
followed by the Dow process to give phenol, followed by 
a Williamson ether synthesis to give methoxybenzene, 
followed by bromination at the para position). 


(c) The product exhibits a three-membered ring, which 
suggests a Simmons-Smith reaction. That is, the desired 
product can be made from the following alkene: 


S 
— | 
This alkene can be made from benzene through a variety 
of methods. The following synthesis is based on a Heck 


reaction, although other alternatives (such as Suzuki or 
Stille coupling) are perfectly viable: 


1) Bro, AIBr3 


2) Pd(OAc)s, = 
PPh, EtaN 
—_ So 
3) CH21;, Zn-Cu, 
EtoO 
2 CHols, 
Bro Zn-Cu, 
AIBr3 EtpO 


Pd(OAc)y, 
— ~ 


PPhs, EtsN 


< 


(d) The product exhibits a three-membered ring, which 
suggests a Simmons-Smith reaction. That is, the desired 
product can be made from the following E alkene: 
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OEt 


This alkene can be made from benzene through a variety 
of methods. The following synthesis is based on a Heck 
reaction, although other alternatives are perfectly viable: 


1) Bro, AlBr3 
2) Pd(OAc)2, i J 
PPh, Et3N ne 
rr 
O H OEt 
OEt 
3) CHoIp, Zn-Cu, 
EtpO CHol>, 
hee es 
(0) 
WN 
Pd(OAc)s, OEt 
ad 
PPh, Et3N 
(0) 


-a 


23.49. The starting material is an organohalide that also 
exhibits a C=C unit. Upon treatment with a base and a 
suitable palladium catalyst, an intramolecular Heck 
reaction can occur, in which a bond is formed between 
the C=C unit and the carbon atom bearing the iodide. 
The coupling partners are highlighted here: 


During the course of the reaction, the position of the 7 
bond changes, because this is the only regiochemical 
outcome that can accommodate syn elimination: 


Pd(OAc) 


wy 
— 
I Et3N 


The observed diastereoselectivity can be rationalized by 
considering the existing chiral center (in the starting 
material). As a result of the configuration of this chiral 
center, the organohalide partner must approach the C=C 


unit from one particular face of the C=C bond (behind 
the plane of the five-membered ring). Perhaps this is 
best visualized through the construction of a molecular 
model. As a result, the newly formed chiral center has 
the S configuration (the R configuration is not formed). 


23.50. 

(a) The desired product can be made from cyclopentene 
via a Heck reaction, as shown below. Notice the position 
of the m bond in the product (this is the only 
regiochemical outcome that can accommodate syn 


elimination). 
> Sot 


(b) The product exhibits a three-membered ring, which 
suggests a Simmons-Smith reaction. That is, the desired 
product can be made from the alkene shown here: 


Eo = GO 


This alkene can be made from cyclopentene via a Heck 
reaction, as shown in the following synthesis: 


Pd(OAc)>, | 


Phe, EtsN 
CHolo, 


Lo” 
Zn-Cu, 


EtO 


_Pd(OAc)a, 
PPh3, EtsN 


(c) The product is acyclic (no ring), but the starting 
material is cyclic, so our synthesis must involve breaking 
a C-C bond. We could perform an ozonolysis (of 
cyclopentene) to open the ring, but that would give us a 
compound with only five carbon atoms. We need a 
compound with seven carbon atoms, which suggests that 
we should open the ring with a ring-opening metathesis, 
thereby converting a five-membered cyclic compound 
into a seven-membered acyclic compound: 


Q 


This compound can then be converted into the desired 
product via hydroboration/oxidation of each C=C unit. 


Í 


Grubbs cat. 
— 
H2C=CH2 


AÀ 
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1) BH3: THF (xs) 
2) H202, NaOH (xs) 


H Se Ng 


23.51. Compound A has two C=C units that can 
undergo a ring-closing metathesis upon treatment with a 
Grubbs catalyst. To draw the metathesis product, we 
remove a methylene group from each C=C unit (these 
methylene groups ultimately combine to give ethylene 
gas). We then draw a double bond between the 
remaining vinyl positions, giving compound 1: 


O 
Grubbs 
Gre a Ben 
O — 
A 1 
(CgHgO2) 


Compound 1 has a C=C unit with the Z configuration. 
The E configuration cannot be formed in this case, 
because a seven-membered ring cannot accommodate a 
trans alkene (see Bredt’s rule, Section 7.7). 

In contrast, compound B undergoes a ring-closing 
metathesis to give a nine-membered ring. A nine- 
membered ring is large enough to accommodate a trans 
alkene, so two products are possible (cis or trans): 


a eee 


O B 
lea 
cat. 
(Cotte) (Csti02) 


23.52. 

(a) Using the procedure described in the problem 
statement, the desired product can be assembled from 
bromobenzene, carbon monoxide, and an organotin 
coupling partner, as shown: 
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pel 


o 


The forward synthesis is shown here: 


Br ZA 
co 
= 
BugSn FZ 
Pd(PPhs)4 


(b) Using the procedure described in the problem 
statement, the desired product can be assembled from 
bromobenzene, carbon monoxide, and an organotin 
coupling partner, as shown: 


yi \ 
O Ma 


The forward synthesis is shown here: 


OCH; 


eus N L \-« H 3 


(c) Using the procedure described in the problem 
statement, the desired product can be assembled from 
bromobenzene, carbon monoxide, and an organotin 
coupling partner, as shown: 
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O 


| 


on 


The forward synthesis is shown here: 


BugSn eeaowa 


CO, Pd(PPhs), 


BugSn WN 


(d) Using the procedure described in the problem 
statement, the desired product can be assembled from 
bromobenzene, carbon monoxide, and an organotin 
coupling partner, as shown: 


D | OCHA 
O Br O Bu3Sn A} 
| 
f OCH; 


The forward synthesis is shown here: 


O 
Br 2O 
Pd(PPh3)4 
— > 
OCH3 


Bu3Sn 


OCH; 


23.53. 
(a) The starting material (1-pentene) is comprised of two 
alkylidene fragments: 


A 


One of these fragments has four carbon atoms, and the 
other fragment has only one carbon atom (a methylene 
group). When l-pentene is treated with a Grubbs 
catalyst, the methylene fragments are recombined to give 
ethylene gas (which evolves as a gas and is removed 
from the reaction vessel), while the other alkylidene 
fragments (with four carbon atoms) are recombined to 
give 4-octene. Two stereoisomers are possible (cis and 
trans), and both are obtained (A and B): 


H H 


A 


Compound A is a cis-disubstituted alkene, so it 
undergoes a Simmons-Smith reaction to give a cis- 
disubstituted cyclopropane ring (a meso compound): 


H H 


1 
(meso) 


In contrast, compound B is a ¢rans-disubstituted alkene, 
so it undergoes a Simmons-Smith reaction to give a 
trans-disubstituted cyclopropane ring. Two 
stereoisomers are possible (compounds 2 and 3), and 
both are obtained: 


H 


(b) Compounds 2 and 3 are nonsuperimposable mirror 
images of each other, so they are enantiomers. 
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23.54. In the first step of the synthesis, Zn metal inserts into the C-I bond to produce organozinc A: 
O O 
{wk Zn IZn L Wk 
—> 
0 o£ 
A 


Next, identify the carbon atoms that will be joined in the Negishi coupling. The carbon atom connected directly to the 
triflate group (which is more reactive than the aryl chloride position) will be joined with the carbon atom connected 
directly to Zn in the organozinc, highlighted here: 


O 
w N 4 + TO cl 
Es C 
A 


O 


Then, rotate the coupling partners so that they are aligned to form a bond, and draw the product, B: 


cl OE — -GOL 


23.55. In the first step of the synthesis, excess t-BuLi converts each of the four aryl bromide groups to aryllithium 
groups: 


excess f-BuLi 
a el 


In step 2, ZnCl2 converts each aryllithitum group to an arylzinc, thus producing the following tetraarylzinc compound: 


ZnCl 


ZnCl 
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Next, identify the carbon atoms that will be joined in the Negishi coupling. The carbon atom connected directly to the 
iodide group will be joined with the carbon atom connected directly to Zn in the organozinc, highlighted below. In this 
case, four equivalents of p-iodotoluene will couple to the tetraiodozinc calixarene. 


ZnCl 


ClZn 


(excess) 


OPr 
OPr PrO / X 
OPr 


ZnCl 


Then, rotate the coupling partners so that they are aligned to form a bond, and draw the product: 


directly to the O in alkenyl phosphate 1 will be joined 
with the carbon atom connected directly to Zn in 
organozinc 4, highlighted below. 


23.56. 
oe teen . a O o ZnBr 
(a) First, identify the carbon atoms that will be joined in I oe 
the Negishi coupling. The vinyl carbon atom connected oe TORN h <7 4 
OPh 
1 
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Then, rotate the coupling partners so that they are 
aligned to form a bond, and draw the product: 


Fee P 
oy 

| e 
D 


(b) First, identify the carbon atoms that will be joined in 
the Negishi coupling. The vinyl carbon atom connected 
directly to the O in alkenyl phosphate 1 will be joined 
with the carbon atom connected directly to Zn in 
organozinc 5, highlighted below. 


Then, rotate the coupling partners so that they are 
aligned to form a bond, and draw the product: 


a nae 


| 


CN 


(c) First, identify the carbon atoms that will be joined in 
the Negishi coupling. The vinyl carbon atom connected 
directly to the O in alkenyl phosphate 2 will be joined 
with the carbon atom connected directly to Zn in 
organozinc 4, highlighted below. 


OMe 


O 
i o ZnBr 
O—P—OPh a af 
| 4 
OPh O 
OMe 
2 


Then, rotate the coupling partners so that they are 
aligned to form a bond, and draw the product: 
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OMe 


Pa o 
OMe aoa 


mE 
EnS 


(d) First, identify the carbon atoms that will be joined in 
the Negishi coupling. Each of the two vinyl carbon 
atoms connected directly to an O in alkenyl phosphate 3 
will be joined with the carbon atom connected directly to 
Zn in each equivalent of organozinc 5, highlighted 
below. 


T 
Pho—P—O 
PhO yp SX 9 
O—P—OPh 
3 | 
OPh 
NC, Ap 2nBr 


5 
(two equivalents) 


Then, rotate the coupling partners so that they are 
aligned to form a bond, and draw the product: 


NC 


CN 
23.57. In each reaction sequence, a common synthetic 
intermediate is produced as a result of the first two steps: 
lithium-halogen exchange, followed by conversion of the 
resulting aryllithium to the arylzinc using ZnCl. 


¢ \-« € \-nei 
=N =N 


(a) Identify the C-C bond in the product that was 
produced in the Negishi coupling (indicated below). 


1) Li (2 eq.) 
2) ZnCl2 
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Disconnect the bond to determine the arylzinc and aryl 
triflate required for the reaction. 


y \ ZnCl + TIO / 
=N N 


(b) Identify the C-C bond in the product that was 
produced in the Negishi coupling (indicated below). 
Disconnect the bond to determine the arylzinc and aryl 
triflate required for the reaction. 


/  X 


PA 


(c) Identify the C-C bond in the product that was 
produced in the Negishi coupling (indicated below). 
Disconnect the bond to determine the arylzinc and aryl 
triflate required for the reaction. 


/ \ ZnCl + TfO a / 


23.58. First identify the carbon atoms that will be joined. 
This reaction is an intramolecular Negishi coupling, in 
which both coupling partners are in the same molecule. 
The carbon atom connected directly to the iodide group 
will be joined with the carbon atom connected directly to 
Zn in the organozinc, highlighted here: 


OMe 


Next, realign the coupling partners so that they are 
aligned to form a bond, and draw the product, in which a 
new macrocycle (large ring) has formed: 


OMe 


23.59. In the first step of the synthesis, ZnCl2 converts 
the aryllithium to arylzinc A: 


| \ ZnCl LN 
Se =o R ClZn CgH19 


S S 
A 


Next, identify the carbon atoms that will be joined in the 
Negishi coupling. The carbon atom connected directly to 
the bromide group will be joined with the carbon atom 
connected directly to Zn in the organozinc, highlighted 
here: 
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Br 


AD oy, 
ClZn S CoH19 


Bu3Sn 


Then, rotate the coupling partners so that they are 
aligned to form a bond, and draw the product: 


D 
ath s CoH19 
mE D | 


Bu3Sn 


/ \ 


s CoH19 
B 


Next, identify the carbon atoms that will be joined in the 
Stille coupling. The carbon atom connected directly to 
the bromide group will be joined with the aryl carbon 
atom connected directly to Sn in the organostannane, 
highlighted here: 


i i A D onn 


S 
s CoH19 
Bu3Sn B 


Then, rotate the coupling partners so that they are 
aligned to form a bond, and draw the product: 


/ \ 


s ~ CoH19 


/ \ 


S S 
i c 


23.60. First identify the carbon atoms that will be 
joined. The carbon atom connected directly to the iodide 
group will be joined with the carbon atom connected 
directly to the tributylstannyl group, highlighted below: 


CoH 
C11H23 ne 


1005 


CHAPTER 23 


The product of the Stille reaction subsequently 
undergoes an electrocyclic reaction (Section 17.9) 
involving the flow of 6 electrons in a cycle, as shown 
below: 


The transition state of the electrocyclic rearrangement is 
shown below. Three x bonds (two C=C plus one C=O) 
are breaking, while two m bonds (C=C) and one o bond 
(C-O) are forming, resulting in the net conversion of one 
C=O r bond to one C-O o bond. 


23.61. The reactant undergoes an intramolecular Stille coupling with a palladium catalyst to produce the macrocycle 
shown. In this reaction, the sp? hybridized carbon atom connected to the tin atom (in the reactant) forms a new bond to 
the sp? hybridized carbon atom connected to the triflate leaving group (in the reactant), thereby producing a new 13- 


membered ring. 
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TfO 


Pd catalyst 
— 
A 


Note that the diene indicated below is primarily in the more stable s-trans conformation in the reactant. In the product 
of the Stille coupling, this diene likely adopts an s-cis conformation to accommodate the geometric constraints 
necessary for incorporation into the newly formed macrocycle. 


TfO 


| Pd catalyst 
al 
BA 


The question indicates that this macrocycle undergoes a rearrangement to form a final product with six rings. The 
macrocycle product of the intramolecular Stille coupling has four rings, as indicated (numbered 1-4). The 
rearrangement must therefore result in the formation of two new ring-forming bonds to allow for the incorporation of 
the two additional rings. 


rearrangement product 
with 6 rings 


The macrocycle has an s-cis diene group across the macrocycle from an alkyne group. An intramolecular Diels-Alder 
reaction between these two entities forms two new o bonds (C1-C5 and C6-C11 as indicated below) to produce the 
hexacyclic product shown. 


23.62. While there are certainly many acceptable solutions to this problem, we can reduce the complexity of this 
problem by employing two organometallic reactions we learned in this chapter. For example, compound 1 contains 
both a trans C=C bond and a cyclopropane ring. We know that cyclopropane rings can be prepared using the Simmons- 
Smith reaction, and trans C=C bonds can be accessed via cross metathesis using the Grubbs catalyst. One synthesis 
derives from the following retrosynthetic analysis. An explanation of each of the steps (a-d) follows. 
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HO HO 
2 6 


a. Compound 1 can be synthesized from the union of two terminal alkenes (3 & 4) using a Grubbs catalyst. 

b. Alkene 4 can be made from aldehyde 5 employing the Wittig reaction. 

c. Aldehyde 5 can be accessed from the corresponding alcohol (6), using PCC (or DMP or a Swern oxidation). 
d. The cyclopropane ring can be installed via the Simmons-Smith reaction on substrate 2. 


Now let’s draw the forward scheme. Alcohol 2 is treated with diiodomethane in the presence of a Zn-Cu couple to 
produce cyclopropane 6. The alcohol in 6 is converted to aldehyde 5 using PCC and is subsequently treated with a 
phosphorus ylide to produce alkene 4. Finally, union of alkene 4 with compound 3 using a Grubbs catalyst will produce 


the desired product. 
er CHol> “SO ae ss 
“Zn(Cu) CH Ch o 


CH2PPh3 | 


RO 
pe" 
Z E 


CO.Me Grubbs cat. 


a 


MeO 


23.63. 

(a) In the presence of a Grubbs catalyst and ethylene, a cycloalkene (compound A) is expected undergo a ring-opening 
metathesis. To draw the product of this process (compound B), we erase the C=C bond of the ring, and then connect a 
methylene (CH2) group to each of the two vinyl positions, like this: 


Grubbs II 
a al 
CH2CH2 
80 °C 


(b) The problem statement indicates that the conversion of B into C is a thermally induced rearrangement. This 
suggests a pericyclic reaction (Chapter 16). Notice that compound B has two x bonds that are separated from each 
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other by exactly three o bonds. As such, in the presence of heat, this compound can undergo a [3,3] sigmatropic 
rearrangement (also called a Cope rearrangement) to form the 8-membered ring observed in compound C. 


(c) There is ring strain associated with the cyclobutene ring of compound A, and this ring strain is alleviated when the 
ring is opened to give compound B. As a result, compound B is expected to be lower in energy than compound A, thus 
causing the equilibrium to favor B over A. 

(d) There is ring strain associated with the cyclobutane ring of compound B, and this ring strain is alleviated when the 
ring is opened to give the eight-membered ring in compound C. As a result, compound C is expected to be lower in 
energy than compound B, thus causing the equilibrium to favor C over B. 

(e) We have seen that compound C can be made from compound B via a [3,3] sigmatropic rearrangement (Cope 
rearrangement). Compound B can be prepared from compound A via a number of synthetic routes. The following is 
one possible solution. Compound B can be made from compound D via Wittig reactions, and compound D can be 
generated from A via ozonolysis of the C=C bond in A: 


1) O3, DMS 


2) CH2PPh; (2 eq.) 
3) heat 


23.64. Rapamycin has a large ring (it is a macrolide) which is assembled via two successive (tandem) Stille coupling 
reactions. The first reaction is intermolecular, and the second is intramolecular. The reactive centers are highlighted: 


intermolecular 
Stille coupling 


intramolecular 
Stille coupling 
a el 
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When stitched together, the large ring contains a triene group (highlighted). Notice that each of the three C=C units 
retains the configuration that it had in the starting materials. The rest of the structure (all of the functional groups and 
chiral centers) remains unaffected by these reactions conditions, so the structure of rapamycin is as follows: 


2 


OMe 


“OH 


23.65. 

(a) In step 1, methyllithium attacks the carbonyl carbon 
producing a racemic allylic alkoxide (note: the wavy line 
indicates both possible configurations at that chiral 
center). 


r) P 
O —> 
© 9 
Li NCH; 
In step 2, the zinc carbenoid (formed by the reaction of 
the zinc-copper couple with diiodomethane) reacts in a 


Simmons-Smith cyclopropanation with the alkene to 
install the cyclopropane ring. 


IZn 
ct o 
S9 O 
> 
Finally, in step 3, the alkoxide ion is protonated (upon 
treatment with water), giving the product: 


arr „Vo, 7 io 
—— 


Bu3Sn 
j SN snBu; 


— > 
PdL4 


OMe 


1m, 


“OH 


(—)-Rapamycin 


(b) In the product, the OH group and the fused 
cyclopropane ring are both on the same face of the 
cyclopentane ring (both “up” in the stereoisomer shown 
in the problem statement). This stereochemical outcome 
can be rationalized if we recognize that the anionic 
oxygen atom can form a Lewis acid / Lewis base 
complex with the zinc atom of the metal carbenoid 
species IZnCH2I, thus directing the resulting 
cyclopropane to the same face of the cyclopentane ring 
as the oxygen atom. This is shown for each enantiomer 
here: 


+ Znl> 


(c) Ifthe starting material is treated with methyllithium 
followed by water, an allylic alcohol would be produced: 
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CS 


X ® 
(trace) H H20% 


It is perhaps not surprising that this synthetic -H20 
intermediate is very unstable in the presence of trace 
acid. Protonation of the alcohol generates an excellent 


leaving group (H20), and loss of the leaving group 
produces a very stable allylic carbocation (a hybrid of © PE © 
two tertiary carbocations) which is then susceptible to 


nucleophilic attack. 


23.66. The starting material (compound 3) is an organostannane, which indicates a Stille coupling reaction. To 
determine the structure of the starting organohalide, we analyze the structure of the product (compound 2) and 
determine the part of the structure that corresponds with organostannane 3 (highlighted). The rest of compound 2 (not 
highlighted) must come from the organohalide, as shown: 


oO 
Organohalide 


The identity of the side chain (highlighted with a question mark) must be chosen to enable the subsequent formation of 
the desired 9-membered ring (in compound 2): 


O O, <3 Must 
r, close ring 


Stille 
coupling 
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This can be achieved via a ring-closing metathesis, as shown in the following retrosynthetic analysis: 


oO 
Pd(PPhs)4 
2) Grubbs catalyst 
Stille 
Conditions 


23.67. The product of the intramolecular Simmons- 
Smith reaction is shown below. The carbenoid carbon of 
the intermediate (labeled as C1 below) forms two new C- 
C bonds: one to each of the sp? hybridized carbon atoms 
of the C=C unit (C6 and C7), thus producing the fused 
bicyclic structure shown. 


een ae 
OL. ZO 
ed ed ae xN 


2 4 6 


4 
1 
3 
O O 
(Ka 
6 
5 


The observation that compound 1 successfully undergoes 
intramolecular Simmons-Smith reaction (while 
compound 2 does not) suggests that the oxygen atoms in 
1 (which are absent in 2) play a role. The zinc atom in 
the carbenoid intermediate is electron poor and can thus 
serve as a Lewis acid. The lone pairs of electrons on the 
oxygen atoms allow them to serve as Lewis bases. An 
intramolecular Lewis acid / Lewis base complex between 


one or both oxygen atoms and the zinc atom may align 
the reactive groups and facilitate the Simmons-Smith 
reaction. The transition state below is consistent with this 
explanation. 


[ Et j |* 


\ 


/ 
I---Zn--O 


23.68. In a Heck cross-coupling reaction, an alkene is 
coupled with an _ organohalide. The following 
highlighted carbon atoms will be connected to each other 
as a result of the coupling process: 


(pe . 
H 
O 


www.MyEbookNiche.eCrater.com 


1012 CHAPTER 23 


The coupling process affords a disubstituted alkene, and 
we expect the trans isomer: 


O 


O ANNS 


\/ 


This structure corresponds with option (c). 


23.69. All of the options involve a vinyl bromide and a 
vinyl boronic ester or acid, but we must choose the 
coupling partners that give the desired stereochemical 
outcome. In the product, both C=C units have the E 
configuration: 


(E) (E) 
PLP 


Since the configuration of all C=C units are preserved 
during Suzuki coupling, we must choose reactants that 
have the E configuration, so option (d) is the correct 
answer: 


(E) 


AZ 7? © 
Ò + BS A~n AA 


23.70. In option (a), the first step converts the alkyl 
bromide into a Grignard reagent, which is then expected 
to react with formaldehyde in the second step: 


O 
Br MgBr 
O Mg O An H 
T — r H 


23.71. 


The product of this reaction sequence is NOT the desired 
product, so we can rule out option (a). 

In option (b), the starting halide is treated with a 
Grignard reagent (a strong nucleophile and a strong 
base). Since the alkyl bromide is secondary, we would 
expect elimination (E2) to be favored over substitution, 
giving an alkene. This alkene is not expected to react 
with NaOH, so option (b) does not give the desired 
product: 


Br 
O CH3MgBr NaOH 
— ——_ no reaction 


In option (c), the first step converts the secondary alkyl 
bromide into an alkene (because elimination is favored 
over substitution for secondary alkyl halides), and the 
alkene is then converted into an epoxide upon treatment 
with a peroxyacid: 


Br 
CY NaOEt Q RCO3H C> 
— j =j O 


This product is similar in structure to the desired product. 
But we are not trying to make an epoxide. Rather, we 
must form a cyclopropane ring, so option (c) is not 
correct. 

Option (d) is the correct answer. Elimination, followed 
by Simmons-Smith cyclopropanation, gives the desired 
product: 


Br 
O NaOEt Q Chalz, Zn-Cu > 
— —— 


The desired product (dibenzo[a,c]cyclohepten-5-one) contains 15 carbon atoms, so in order to propose a 


synthesis from starting materials with 8 or fewer carbons, we will need to make several new C-C bonds in our 
synthesis. Recognition of the a,B-unsaturated ketone in the central ring suggests the possibility of utilizing an aldol 


condensation as part of our approach. 


Q 
$ 


p a,B-unsaturated ketone 


The following retrosynthesis outlines one approach to make the desired compound in two steps. The a, ßB-unsaturated 
ketone can be prepared via an intramolecular aldol condensation between the methylketone group and the aldehyde 
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group on the biphenyl intermediate below. The bond between the two aromatic rings can be constructed using a Suzuki 


coupling reaction between the aryl bromide and the aryl boronic acid shown. 
Br 
+ 


B(OH)2 


= 


The forward synthesis is below. o-Bromoacetophenone and o-formylphenyl boronic acid are mixed together under 
basic conditions and treated with a palladium catalyst to give a Suzuki coupling reaction. The biphenyl keto-aldehyde 
intermediate is then heated under basic conditions to afford the desired aldol condensation product (via an 
intramolecular aldol condensation). 


O 


ox; 
— Py ——> 

oO 

(0) 


(0) 
Ov, i 
Br Pd catalyst NaOH, HO 
— > rr 
* NaOH heat 
mo ON OS 


ww 
O~ 
23.72. 


(a) Reaction of 1 with 4-iodoanisole in the presence of a palladium catalyst affords the Stille coupling product shown. 
Subsequent addition of 4-tert-butyliodobenzene and CsF to the reaction mixture produces the final product as the result 
of a palladium-catalyzed Suzuki coupling between the vinyl boronic ester and the aryl iodide. Note that each of these 
coupling reactions proceeds with retention of configuration: the trans/trans configuration of 1 is retained in the 
product. 


/ 
LOAN BS 


Bus 7 S~ a) Pd catalyst 
1 
MeO then 


O 
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(b) An analysis of 2 reveals that it contains the trans/trans diene present in 1, highlighted below. 


CO.Me 


[Sees 


OMe 2 
One retrosynthetic analysis of 2 is presented below. 


a. Disconnection of the indicated bond in 2 suggests that it can be produced from the vinyl iodide and the vinyl 
boronic ester shown. Note that the configuration of the C=C unit in each coupling partner is retained in the 
reaction. 

b. This tetraene intermediate can be produced via Stille coupling between 1 and the vinyl iodide shown. Again, 
the configuration of each coupling partner is retained in the product. 


COMe 
a + 
(0) OMe 
Ar NN NN —> CO,Me 
OMe 2 


CO.Me 


The forward scheme is presented below. Diene 1 reacts with the vinyl iodide in a palladium-catalyzed Stille reaction to 
afford the tetraene intermediate. Subsequent addition of the base CsF and a different vinyl iodide produces compound 2 
via Suzuki coupling. 


CO Me 
7S CO,Me 
SnB Ow 
aS aS nBu3 B Yess NN 
I 
Ò Pd catalyst fe} 
1 
O ZI 
OMe 
CsF 
COMe 


ON AR OOOO SS 
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23.73. As described in the problem statement, olefin metathesis of this triene results in cleavage of the cyclic C=C unit 
and formation of two new C=C units, giving a product with two new seven-membered rings as part of a fused tricyclic 
system: 


23.74. We first begin by taking inventory of the four building blocks shown. We are given a vinyl boronic acid, an aryl 
bromide, and two compounds which each contain both an aryl bromide and a MIDA boronate. The latter two 
compounds are designed to be used in iterative Suzuki coupling reactions. Next, consider the structure of ratanhine. 
The following illustration shows how each of the starting materials corresponds with a portion of the natural product, 
and the squiggly lines represent the bonds that are formed via Suzuki coupling. 


z 

@ 

O 
© 
“oa 
/\ 

Oo 


å T 
a 


The forward reaction sequence is shown below. After the first Suzuki reaction, treatment with NaOH will reveal the 
boronic acid needed for the second Suzuki coupling. Likewise, after the second cross coupling, treatment with NaOH 
will reveal the final boronic acid. After the last Suzuki reaction, treatment with HCl cleaves the R group, giving 
ratanhine. 
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® OH 
MeN 1) a 
Co, “a o 
Z TIAS / 
o x Pd catalyst NN OH 
2) NaOH 
1) 
MeO 
1) Br OH 
Br aB—9 
- a= 
ratanhine meno 
O Pd catalyst 
O 
2) NaOH 
y 
MeO 
R-O O, 
OH 
UY 
Pd catalyst S 
2) HCI poe 
) HO 


23.75. We begin by identifying the carbon atoms in compound 1 that will be joined via an intramolecular Heck 
reaction, highlighted here: 


OAc 


In order to draw the compound that is obtained when a new C-C bond is formed between these two locations, we must 
first redraw compound 1 so that these two centers are near each other. To do this, we first rotate the aryl group and 
redraw it in close proximity to the double bond. Due to the inherent stereochemistry already present in the molecule, 
the aryl group will be positioned above the plane of the alkene. 
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OBn 
I OMe 


Me 


When the Pd catalyst inserts into the aryl iodide bond and then adds across the alkene in a syn-fashion, the new C-C 
bond is formed from the top face of the molecule, resulting in a cis junction for the newly formed 6-membered ring. 
The new C-Pd adduct (compound B below) cannot undergo a conformational change via C-C bond rotation. 
Therefore, the syn-reductive elimination can only occur at one possible site within the molecule with an accessible syn 
hydrogen atom beta to the Pd, resulting in compound A. The newly formed C=C bond is exocyclic to the 6-membered 
ring: 


OMe OMe 


23.76. 
(a) Compound 1 has three monosubstituted C=C units, giving rise to three possible ways in which ring-closing 
metathesis can occur: 


Possibility #1 Possibility #2 Possibility #3 
L AX AOX 
ao Ko) R a “O R oe Ze) R 
OSIEts OSIEts OSIEts 
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We can exclude the first possibility, because that would lead to a four-membered ring, and the problem statement 
indicates that a four-membered ring will not form when a five- or six-membered ring can form instead. Therefore, we 
consider only the latter two possibilities, which lead to a five-membered ring and a six-membered ring, respectively: 


Possibility #2 


N 7 Z ring-closing 
metathesis 
ane 
R 


ring-closing 
metathesis 


= L 
ren R 


OSiEts 


(b) When compound 2 is used instead, it reacts with the Grubbs catalyst to give intermediate 3, which is then converted 
to intermediate 4, as shown in the problem statement. Intermediate 4 will give rise to a five-membered cyclic ether. So 
this cyclic ether must be compound A. 


AN ring-closing 
1 metathesis 
— 
Oo “IO? NR 


The relay event is accompanied by the loss of compound 5 (via ring-closing metathesis) as shown: 


O 
Ak ¢ aa. 
ey, L DE” | =- O 
oO "uo NR a "OF NR = 
4 5 


OSIEt, OSiEt, 


OSIEts 
A 


3 
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Chapter 24 
Carbohydrates 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 24. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 
Vocabulary. 


e Carbohydrates are polyhydroxy or ketones. 

e Simple sugars are called and are generally classified as aldoses and 

e For all D sugars, the chiral center farthest from the carbonyl group has the __ configuration. 

e Aldohexoses can form cyclic hemi that exhibit a pyranose ring. 

e Cyclization produces two stereoisomeric hemiacetals, called . The newly created 
chiral center is called the carbon. 

e Inthe a anomer, the hydroxyl group at the anomeric position is to the CH2OH group, 
while in the B anomer, the hydroxyl group is to the CH2OH group. 

e Anomers equilibrate by a process called , which is catalyzed by either or 


e Some carbohydrates, such as D-fructose, can also form five-membered rings, called 
rings. 
e Monosaccharides are converted into their ester derivatives when treated with excess 


e Monosaccharides are converted into their ether derivatives when treated with excess 
and silver oxide. 
e When treated with an alcohol under acid-catalyzed conditions, monosaccharides are converted into 
acetals, called . Both anomers are formed. 
e Upon treatment with sodium borohydride an aldose or ketose can be reduced to yield an 


e When treated with a suitable oxidizing agent, an aldose can be oxidized to yield an 
e When treated with HNO; , an aldose is oxidized to give a dicarboxylic acid called an 


e D-Glucose and D-mannose are epimers and are interconverted under strongly 
conditions. 

e = The Kiliani-Fischer synthesis can be used to lengthen the chain of an 

e The Wohl degradation can be used to shorten the chain of an 


° are comprised of two monosaccharide units, joined togeier via a glycosidic 
linkage. 
e Polysaccharides are polymers consisting of repeating monosaccharide units linked by 
bonds. 
e When treated with an in the presence of an acid catalyst, monosaccharides are 


converted into their corresponding N-glycosides. 
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Review of Skills 
Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 
the end of Chapter 24. The answers appear in the section entitled Skil/Builder Review. 


24.1 Drawing the Cyclic Hemiacetal of a Hydroxyaldehyde 


DRAW THE CYCLIC HEMIACETAL THAT IS FORMED WHEN THE FOLLOWING 
HYDROX YALDEHYDE UNDERGOES CYCLIZATION UNDER ACIDIC CONDITIONS. 


(0) 


Ho JL wil 


24.2: Drawing a Haworth Projection of an Aldohexose in the Pyranose Form 


DRAW A HAWORTH PROJECTION OF a-D- 
GALACT OPY RANOSE. 
H O 
H——oH ; 
HO——H [H] 
HO--H 
H——oH 
CHOH 
D-GALACTOSE 


24.3: Drawing the More Stable Chair Conformation of a Pyranose Ring 


DRAW THE MORE STABLE CHAIR CONFORMATION OF a-D- 
GALACTOPYRANOSE. 


HOCH, 
OH o 
OH 


OH 


OH 
a-D-GALACT OPY RANOSE MORE STABLE CHAIR CONFORMATION 


24.4 Identifying a Reducing Sugar 


STEP 1 - IDENTIFY THE STEP 2 - DETERMINE IF THE GROUP ATTACHED TO THE ANOMERIC 
POSITION. POSITION IS A GROUP OR GROUP. 

CH20H "= GROUP, THEN THE COMPOUND IS A REDUCING SUGAR 

O -IF GROUP, THEN THE COMPOUND IS NOT A REDUCING 
HO 
SUGAR. 
HO OCH; 
OH 


24.5 Determining Whether a Disaccharide Is a Reducing Sugar 


STEP 1- IDENTIFY THE POSITIONS. STEP 2 - DETERMINE IF THE GROUPS ATTACHED TO 

OH THE ANOMERIC POSITIONS ARE HYDROXY GROUPS 
OR ALKOXY GROUPS. 

CHOH 


O CHOH -IF ONE IS A GROUP, THEN THE 
COMPOUND IS A REDUCING SUGAR. 
HO (©) Oo - IF NEITHER ARE GROUPS, THEN THE 
COMPOUND IS NOT A REDUCING SUGAR. 
OH HO OH 


OH 
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Review of Reactions 

Identify the reagents necessary to achieve each of the following transformations. To verify that your 
answers are correct, look in your textbook at the end of Chapter 24. The answers appear in the section 
entitled Review of Reactions. 


Hemiacetal Formation 
Ha K 
Hon ae 
OH 
Ho—}—H a o 
H 
H—— oH a 2 
6 H OH 
CH2OH 
1 
CHOH 
26-0 
= HOCH, HOCH i 
HOH OH o o 
= 5 H 
H4t-oH = ond CH,OH HO 
HoH H 4 3 H CHOH 
OH H OH H 
CHOH 
Chain Lengthening and Chain Shortening 
HV 20 H, 20 
H_ 0 
> As H—— oH HO——H 
HO H HO H HO H 
H—— OH H—+-OH *  H—+- OH 
H OH H OH H OH 
CHOH mee O a CHOH CHOH 
Reactions of Monosaccharides 
CHOH 
CH 20Ac HO Q HOS ee 


AcO OH 


OAc 
OAc HO H 
H OH 
CH,OCH3 E i 
O Ho, 20 9 


CH30 CHOH 
CH30 OCH3 H OH H OH HO O 
OCH 
° HO——H HO——H 
CHOH 
6 H—— oH H——OH 
HO 
Ho ocH,  4—7—OH Hoa SR 


OH CHOH CH2OH 
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Solutions 


24.1. 

(a) This compound is an aldehyde and it is comprised of 
six carbon atoms, so it is an aldohexose. 

(b) This compound is an aldehyde and it is comprised of 
five carbon atoms, so it is an aldopentose. 

(c) This compound is a ketone and it is comprised of five 
carbon atoms, so it is a ketopentose. 

(d) This compound is an aldehyde and it is comprised of 
four carbon atoms, so it is an aldotetrose. 

(e) This compound is a ketone and it is comprised of six 
carbon atoms, so it is a ketohexose. 


24.2. Both are hexoses so both have the molecular 
formula (Ce6Hi206). Although they have the same 
molecular formula, they have different constitution — one 
is an aldehyde and the other is a ketone. Therefore, they 
are constitutional isomers. 


24.3. All are D sugars except for (b), which is an L 
sugar. The configuration of each chiral center is shown 
here: 

(a) 25, 3S, 4R, 5R 

(b) 2R, 35, 48 

(c) 3R, 4R 

(d) 2S, 3R 

(e) 3S, 4S, 5R 

Pay special attention to the following trend: The 
configuration of each chiral center is R when the OH 
group is on the right side of the Fischer projection, and 
the configuration is S when the OH group is on the left 
side. 


24.4. 

(a) As seen in the solution to the previous problem, the R 
configuration is characterized by an OH group on the 
right side of the Fischer projection. D-Allose has all of 
the OH groups on the right side: 


H 20 
H—}—OH 
H—}—OH 
H—}—OH 
H—}—OH 
CH2OH 


(b) L-Allose is the enantiomer of D-allose, so all of the 
OH groups are on the right side of the Fischer projection: 


HV .20 
HO——H 
HO——H 
HO—}—H 
HO——H 
CH2OH 


24.5. A ketotetrose has four carbon atoms and a ketone 
group, leaving only one chiral center, giving the 
following two enantiomers: 


ia GHOR 
C=O C=O 

H—+-O# Ho—u 
CH20H CH20H 
D L 

ka J 
yY 
enantiomers 


24.6. An aldotetraose has four carbon atoms and an 
aldehyde group. As such, there are two chiral centers, 
giving the following four stereoisomers: 


H ~c Zz O H g a Oo 
H OH HO H 
H OH HO H 
CH 20H CH 20H 
D L 
K A 
ba 
enantiomers 
nae H, 70 
HO——H H OH 
H—;—OH HO H 
CHOH CH OH 
D L 
Ne J 
yY 
enantiomers 


24.7. The enantiomer of D-fructose is L-fructose, in 
which all of the chiral centers have opposite 
configuration (as compared with D-fructose): 


CHOH 
C=O 

H OH 
HO H 
HO H 

CH20H 

L-Fructose 
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24.8. Both D-fructose and D-glucose have the molecular 
formula (Cs6Hi206). However, they have different 
constitution — one is a ketone, and the other is an 
aldehyde. Therefore, they are constitutional isomers. 


CH2OH He 
¢=0 H OH 

H OH HO H 
HO H H OH 
H OH H OH 
CH2OH CH20H 
D-Fructose D-Glucose 


24.9. 

(a) We use a numbering system to determine the size of 
the ring that is formed. Four carbon atoms and one 
oxygen atom are incorporated into a five-membered ring. 
There are two methyl groups at C4, which must be 
drawn in the product: 


oO 
O 
3 4 H a í OH 
4 2 3 
OH 2 


(b) We use a numbering system to determine the size of 
the ring that is formed. Five carbon atoms and one 
oxygen atom are incorporated into a six-membered ring, 
as shown. There are two methyl groups at C5, which 
must be drawn in the product: 


o O OH 
aal ° ; 
HO” 5 3 1`H 4 2 
3 


4 2 


(c) We use a numbering system to determine the size of 
the ring that is formed. Six carbon atoms and one 
oxygen atom are incorporated into a seven-membered 
ring, as shown. There are two methyl groups at C3, 
which must be drawn in the product: 


O 
ho an X JU — 
5 3 1-H 


(d) We use a numbering system to determine the size of 
the ring that is formed. Four carbon atoms and one 
oxygen atom are incorporated into a five-membered ring, 
as shown. There are two methyl groups at C4 of the ring 
and one methyl group at C1 of the ring, which must be 
drawn in the product: 


J 40H 
HO — 4 i 
ax 3 1 
2 3 
2 
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24.10. We must use a numbering system, just as we did 
in the previous problem. There are two methyl groups at 
C4, which must be drawn in the starting material: 


O 5—0 
—_> OH 
HO~ 5 on 4 1 
4 3 2 


24.11. 
(a) The carbonyl group can be attacked by the OH group 
that is connected to C4, giving a five-membered ring; 


O 5 
HO™ Ng. 
HO Sng ee 3 7 OH 
OH 2 


or the carbonyl group can be attacked by the OH group 
that is connected to C5, giving a six-membered ring: 


O 5 Os 0H 
1 
OH Ho y 


(b) The six-membered ring is expected to predominate 
because it has less ring strain than a five-membered ring. 


24.12. 

(a) We begin by drawing the skeleton of the Haworth 
projection. Then, we draw the CH2OH group (at C6) 
pointing up. The anomeric OH group is then drawn 
pointing up (the B anomer). Finally, the remaining 
groups are drawn). All OH groups on the right side of 
the Fischer projection will be pointing down in the 
Haworth projection (and all OH groups on the left side of 
the Fischer projection will be pointing up in the Haworth 
projection). 


6 
HOCH2 
OH 5 O OH 
4 OH 1 
3 2 


OH 


(b) We begin by drawing the skeleton of the Haworth 
projection. Then, we draw the CH2OH group (at C6) 
pointing up. The anomeric OH group is then drawn 
pointing down (the a anomer). Finally, the remaining 
groups are drawn). All OH groups on the right side of 
the Fischer projection will be pointing down in the 
Haworth projection (and all OH groups on the left side of 
the Fischer projection will be pointing up in the Haworth 
projection). 
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(c) We begin by drawing the skeleton of the Haworth 
projection. Then, we draw the CH2OH group (at C6) 
pointing up. The anomeric OH group is then drawn 
pointing down (the a anomer). Finally, the remaining 
groups are drawn). All OH groups on the right side of 
the Fischer projection will be pointing down in the 
Haworth projection (and all OH groups on the left side of 
the Fischer projection will be pointing up in the Haworth 
projection). 


HOCH 
O 
4 1 
OH > J OH 
OH OH 


(d) We begin by drawing the skeleton of the Haworth 
projection. Then, we draw the CH2OH group (at C6) 
pointing up. The anomeric OH group is then drawn 
pointing up (the B anomer). Finally, the remaining 
groups are drawn). All OH groups on the right side of 
the Fischer projection will be pointing down in the 
Haworth projection (and all OH groups on the left side of 
the Fischer projection will be pointing up in the Haworth 
projection). 


6 
HOCH, 


(e) We begin by drawing the skeleton of the Haworth 
projection. Then, we draw the CH2OH group (at C6) 
pointing up. The anomeric OH group is then drawn 
pointing up (the B anomer). Finally, the remaining 
groups are drawn). All OH groups on the right side of 
the Fischer projection will be pointing down in the 
Haworth projection (and all OH groups on the left side of 
the Fischer projection will be pointing up in the Haworth 
projection). 


6 
HOCH, 
3 OL OH 
4 OH 1 
OH ¥ A 


OH 


(£) We begin by drawing the skeleton of the Haworth 
projection. Then, we draw the CH2OH group (at C6) 
pointing up. The anomeric OH group is then drawn 
pointing down (the a anomer). Finally, the remaining 
groups are drawn). All OH groups on the right side of 
the Fischer projection will be pointing down in the 
Haworth projection (and all OH groups on the left side of 
the Fischer projection will be pointing up in the Haworth 
projection). 


6 
HOCH, 
5 O 
4 OH 1 
OH } 6 OH 


OH 


24.13. This structure represents the B anomer of the 
cyclic form of D-galactose and is therefore called B-D- 
galactopyranose. 


Ich 
HoH 
HO H 
ZO KER BN 
6 Ly ~B 6 
HOCH, H oyn HOCH» 
H 
AK on =H "1 | ar ao 
OH H 
HO > A HO > A 
H H H H 


a-D-Mannopyranose 


£-D-Mannopyranose 
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The two pyranose forms are in equilibrium with each other, via the open-chain form, as shown: 


a-D-Talopyranose 


24.16. 

(a) The skeleton of the chair is drawn with an oxygen 
atom in the upper back-right corner. Each substituent is 
then labeled as “up” or “down” and placed on the chair 
accordingly. The anomeric OH group is drawn pointing 
up, indicating the B anomer. In this chair conformation, 
most of the substituents occupy equatorial positions, so 
this is the more stable chair conformation of B-D- 
galactopyranose. 


OH 
CH2OH 


HO OH 
OH 


(b) The skeleton of the chair is drawn with an oxygen 
atom in the upper back-right corner. Each substituent is 
then labeled as “up” or “down” and placed on the chair 
accordingly. The anomeric OH group is drawn pointing 
down, indicating the œ anomer. In this chair 
conformation, most of the substituents occupy equatorial 
positions, so this is the more stable chair conformation of 
a-D-glucopyranose. 
CHOH 


HO o 
HO H 


(c) The skeleton of the chair is drawn with an oxygen 
atom in the upper back-right corner. Each substituent is 
then labeled as “up” or “down” and placed on the chair 
accordingly. The anomeric OH group is drawn pointing 
up, indicating the B anomer. In this chair conformation, 
most of the substituents occupy equatorial positions, so 


£-D-Talopyranose 


this is the more stable chair conformation of f-D- 
glucopyranose. 
CHOH 


HO Q 
HO OH 


OH 
H 


24.17. The anomeric position becomes an aldehyde 
group in the open-chain form. The OH group at C5 (of 
the open-chain form) must be pointing to the right, 
because this is a D sugar (CH2OH is “up” in the chair 
conformation). The remaining three groups (at C2, C3 
and C4) are all pointing “down”, so they must be on the 
right side of the Fischer projection of the open-chain 
form. This structure represents D-allose. 


CHOH 


HO Q BE 
OH 
OH 
OH H 


24.18. Both chair conformations of B-D-glucopyranose 
are shown below. The less stable conformation is the 
one in which all substituents occupy axial positions. 


HO 
OH ; i OH 
ring flip OH 
HO Q == ~ 
HO OH 
OH 
OH 


(@) 
OH 


less stable 


L È E E 


CHOH 


D-Allose 


more stable 
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24.19. 

(a) The anomeric OH group is drawn pointing down 
(thus, the a anomer). The remaining two OH groups (at 
C2 and C3) are both on the right side of the Fischer 
projection of D-erythrose, so both OH groups are both 
drawn pointing down in the Haworth projection. 


O 
OH 
OH OH 


(b) The anomeric OH group is drawn pointing up (thus, 
the B anomer). The remaining two OH groups (at C2 
and C3) are both on the right side of the Fischer 
projection of D-erythrose, so both OH groups are both 
drawn pointing down in the Haworth projection. 


OH 
OH OH 


(c) The anomeric OH group is drawn pointing down 
(thus, the a anomer). The OH group on the left side of 


the Fischer projection (at C2 of D-threose) is drawn 
pointing up in the Haworth projection (at C2). Similarly, 
the OH group on the right side of the Fischer projection 
(at C3 of D-threose) is drawn pointing down in the 
Haworth projection (at C3). 


OH 
O~ 


OH 
OH 


(d) The anomeric OH group is drawn pointing up (thus, 
the B anomer). The OH group on the left side of the 
Fischer projection (at C2 of D-threose) is drawn pointing 
up in the Haworth projection (at C2). Similarly, the OH 
group on the right side of the Fischer projection (at C3 of 
D-threose) is drawn pointing down in the Haworth 
projection (at C3). 
OH 
OH 
o~ 


OH 


24.20. The carbonyl group is first protonated, thereby rendering it more electrophilic and more susceptible to 


nucleophilic attack by one of the OH groups. 


The OH group at C4 will attack the protonated carbonyl group to 


generate a furanose (five-membered) ring. Deprotonation (with water functioning as a base) gives the product, as 


shown. 
y H ® 
Ho & ON Ww He. gO H 
C H-9 CAA H ou ‘> GH 
H OH H 4 OH a 
HO H HO H 
CHOH CH20H 
L-THREOSE OH 
i Oci 
OH 
OH 
— O 
OH 
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24.21. 
nucleophilic attack by one of the OH groups. 


CHAPTER 24 1027 


The carbonyl group is first protonated, thereby rendering it more electrophilic and more susceptible to 
The OH group at C5 will attack the protonated carbonyl group to 


generate a furanose (five-membered) ring. Deprotonation (with water functioning as a base) gives the product, as 


shown. 


CH20H 


i=<f N 

HO—}—H cat 
H OH 
H OH 
CH2OH 
D-Fructose 


24.22. The name (a-D-fructopyranose) indicates that the 
open chain form is D-fructose, shown here: 


CH.OH 
C=O 
HO H 
H OH 
H OH 
CH20H 
D-Fructose 


24.23. 


(a) Upon treatment with excess acetic anhydride and 


pyridine, all of the OH groups undergo acetylation, as 
shown: 


HO 


CH2OH 
oO 
excess Ac2O 
HO py 
OH 
OH 
AcO 
CH2O0Ac 
O 
AcO 
OAc 
OAc 


CH OH i id 
Oo” OH 
— _ o 
CHOH 
OH 
H 


ij JOX 


OH 


(b) Upon treatment with excess acetic anhydride and 


pyridine, all of the OH groups undergo acetylation, as 
shown: 


CH2OH 
HO O excess Ac2O 
HO py 
OH 
OH 
CH20Ac 
AcO Q 
AcO 
OAc 
OAc 


(c) Upon treatment with excess acetic anhydride and 


pyridine, all of the OH groups undergo acetylation, as 
shown: 


Ho CH20OH 
Q excess AczO 
HO OH py 
OH 
AcO 
CH20Ac 
oO 
AcO OAc 
OAc 
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24.24. oua 
(a) Upon treatment with excess methyl iodide in the HO excess CHI 
presence of silver oxide, all of the OH groups are AgsO 
: HO 92 
converted into methoxy groups, as shown: 
HO 
CH20H 
i CHOCH; 
O excess CH3I 
CHO o 
HO A920 3 
as CH30 
OH CH30 
OCH 
CH30 GH OCH; a 
9 (c) Upon treatment with excess methyl iodide in the 
CH30 presence of silver oxide, all of the OH groups are 
converted into methoxy groups, as shown: 
CH30 OCH; 
HO 
(b) Upon treatment with excess methyl iodide in the ka 
presence of silver oxide, all of the OH groups are excess CH3I 
converted into methoxy groups, as shown: HO Ag20 
CH30 
37 CHOCH; 
O RA 


OCH3 


24.25. Under acidic conditions, the anomeric OH group can be protonated, giving an excellent leaving group (water). 
Loss of the leaving group generates a resonance-stabilized cation intermediate. 


HO Ch OH Nn HO CHOH HO CHOH 
o H--Cl o - H2O Ko 
HO HO 
OH OH > 
:OH -QS 
x H“®>H 


HO 


This intermediate can then be attacked by ethanol, giving an oxonium ion, which is then deprotonated to give an acetal: 


HO CHOH 5 Š HO CH,OH Lo No: HO CH,OH 
Oo EtOH fe) H~ ^Et © 
V 9 H 

HO HO o> HO OEt 
OH `H OH I eet OH I 
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Notice that ethanol is shown to attack from above, but it can also attack from below, giving the following acetal: 


HO CH OH O: HO CHOH 
o H~ ~Et o 
HO H HO H 
OH OH 
wee OEt 
Et 7H 


24.26. Under acidic conditions, the anomeric methoxy group can be protonated, giving an excellent leaving group 
(methanol). Loss of the leaving group generates a resonance-stabilized cation intermediate (resonance structures not 
shown) which can then be attacked by methanol. This attack can occur from either above or from below (as seen in the 
previous problem) giving a mixture of both anomers. In the last step of the mechanism, the oxonium ion is then 
deprotonated: 


CH OH CH,OH CHOH 
o N Öö: ee 
HO HA HO ‘ HO VY? 
HO H S HO H . HO 
OH OH OH 
:OCH3 197 fl 
z H3C~®>H 
CH3OH 
CHOH CHOH 
HO E oY HO O H 
A: el 
HO OCHs HO o4 
OH OH CH3 
H H 
24.27. 
(a) D-Mannose is epimeric with D-glucose at C2, as 
shown: (b) D-Allose is epimeric with D-glucose at C3, as 
shown: 
HV 20 HO 
Ah 20 he 
H OH HO alg 
HO——H HO——H Hon oH 
H—— oH H——oH siom — 
H—— oH H——oH Ho On H= 
CHOH CHOH 0H = OH 
D-Glucose D-Mannose CH20H CH20H 
D-Glucose D-Allose 
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(c) D-Galactose is epimeric with D-glucose at C4, as 
shown: 


H, ce Ho ZO 
H OH H——OH 
HO H HO——H 
awn pO HO——H 
H OH H—!—OH 
CH,0H CH2OH 
D-Glucose D-Galactose 


24.28. Reduction of the carbonyl group generates the 
same product in each case. This can be seen by rotating 
one of the products by 180°, as shown: 


eg CH2OH CH,OH 
HO—}—H HO—}—H HO—}—H 
H—+—OH NaBH, H—}—OH HO—}—H 
DEEM = 
H——OH H0 H—+—OH Rotate HO——H 
H—}—OH H—+—OH 180° =H—+—OH 
CH2OH CH20H CHOH 
D-Altose 
H, 20 
HO—}—H 
HOH NaBH, 
HO——H “Ho 
H—+—OH 
CH2OH 
D-Talose 


24.29. Reduction of the carbonyl group generates the 
same meso product in each case. This can be seen by 
rotating one of the products by 180°, as shown: 


H20 CHOH CHOH 
H—— OH H—}—OH HO——H 
H—}—OH NaBH, =H——OH _ HO——-H 
H——oH 4,0 H——OH — potae HO——H 
H——OH H——OH 180° =HO—}—H 
CH2OH CH2OH CH2OH 
D-Allose 
H, 0 
HO——H 
aa ie NaBH, 
HO——H H2O 
HO——H 
CHOH 
L-Allose 


24.30. Reduction of either D-allose or D-galactose will 
produce a meso alditol. Meso compounds are optically 
inactive: 


Mga CHOH 
H OH H——OH 
H OH NaBH, H——OH 
H OH H20 H—;— OH 
H OH H—— OH 
CH OH CH OH 
D-Allose (meso) 
H079 CHOH 
H——OH H——OH 
HO——H NaBH, HO——-H 
HO——H H20 HO——H 
H—;— OH H—;— OH 
CH OH CH OH 
D-Galactose (meso) 


24.31. 

(a) The anomeric position is occupied by a methoxy 
group. Therefore, this compound is an acetal and is not a 
reducing sugar. 


(b) The anomeric position is occupied by an OH group. 
Therefore, this compound is a reducing sugar. 


(c) The anomeric position is occupied by an OH group. 
Therefore, this compound is a reducing sugar. 


24.32. 

(a) The open chain form of this compound is D- 
galactose, which is oxidized under these conditions to 
give the following aldonic acid: 


Ho, 20 
H OH 
HO H 
HO H 
H OH 
CHOH 


D-Galactonic acid 
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(b) The open chain form of this compound is D- 
galactose, which is oxidized under these conditions to 
give the following aldonic acid: 


HO. 0 
H OH 
HO——H 
HO 
H OH 
CH20H 


D-Galactonic acid 


(c) The open chain form of this compound is D-glucose, 
which is oxidized under these conditions to give the 
following aldonic acid: 


Ho, 20 
H OH 
HO H 
H OH 
H OH 
CHOH 


D-Gluconic acid 


(d) The open chain form of this compound is D-glucose, 
which is oxidized under these conditions to give the 
following aldonic acid: 


Ho, 20 
H OH 
HO H 
H OH 
H OH 
CHOH 


D-Gluconic acid 


24.33. This compound will not be a reducing sugar 
because the anomeric position is an acetal group. 
CH2OCH3 
CH;0 Q 
CH30 OCH3 
OCH3 


£-D-Glucopyranose pentamethy! ether 


24.34. 
(a) In a Kiliani-Fischer synthesis, the chain is 
lengthened, with C1 becoming C2 in the product. Both 


CHAP 
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possible configurations of the C2 position are obtained, 
giving the following epimers: 


Kiliani- X20 Hae 

HV o20 pu OH + HO—+—-H 
H—— OH H—— OH H—— OH 
H—— OH H—— OH H—— OH 
H—— OH H—— OH H—— OH 
CH2OH CH2OH CH2OH 

D-Ribose D-Allose D-Altose 


(b) In a Kihiani-Fischer synthesis, the chain is 
lengthened, with C1 becoming C2 in the product. Both 
possible configurations of the C2 position are obtained, 
giving the following epimers: 


Kian = N20 nie? 
H ~O _ Fischer 
cá OH + HO H 
H OH H OH H OH 
HO H HO H HO H 
H OH H OH H OH 
CH2OH CH2OH CH2OH 
D-Xylose D-Gulose D-Idose 
(c) In a Kiliani-Fischer synthesis, the chain is 


lengthened, with C1 becoming C2 in the product. Both 
possible configurations of the C2 position are obtained, 
giving the following epimers: 


Kiliani- See Mee? 

tas 20 Fischer Bm . foo a 
HO H HO H HO H 
HO H HO H HO H 
H OH H OH H OH 
CH2OH CH20H CH2OH 
D-Lyxose D-Galactose D-Talose 


24.35. Conversion of D-erythrose (which has four carbon 
atoms) to D-ribose (which has five carbon atoms) 
requires a chain-lengthening process. This process will 
produce D-ribose together with its C2 epimer, D- 
arabinose, as shown: 


H Noe O H Not O 

WZ H OH + HO H 
H OH 4 ) HCN H OH H OH 
H OH 2) Hp, H OH H OH 
CH20H Pd / BaSO,, CH20OH CH 20H 
D-Erythrose Ho D-Ribose D-Arabinose 
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24.36. | A Wohl degradation involves the removal of a 
carbon atom from an aldose. As shown below, D-ribose 
can be made from either D-allose or D-altose: 


24.37. A Wohl degradation will remove a carbon atom 
from an aldose. This method can be used to convert D- 
ribose into D-erythrose, as shown: 


H 20 Ho Pa HV 20 
ees H (©) 
H OH HO H Cr “C7 
Wohl ğ Oki 1) NH2OH S 
H OH H OH degradation H OH H OH > H OH 
or ee 2) Ac20 
H——OH H—+—OH H—}— OH al on oe oi 
3) NaOMe 
H OH H OH H OH CHOH ) CHOH 
CH20OH CH20OH CH20OH ' 
D-Ribose D-Erythrose 
D-Allose D-Altose D-Ribose 


24.38. A Wohl degradation will remove a carbon atom from D-glucose. This carbon atom is then restored with a 


Kiliani-Fischer synthesis, giving D-glucose and its C2 epimer, D-mannose. 


H, zO HV 20 H. 20 H, 20 
H OH HO H H OH HO H 
Wohl Kiliani- 
HO H Degradation H OH Fischer HO H HO H 
— > 
H—— oH H—— oH H——on * H—1—OH 
H OH CH20H H OH H OH 
CH20H D-Arabinose CH20H CH2OH 
D-Glucose D-Glucose D-Mannose 


24.39. 

(a) One of the anomeric positions (bottom right) bears an OH group. Therefore, this disaccharide is a reducing sugar. 
(b) Both anomeric positions bear acetal groups, so this disaccharide is not a reducing sugar. 

(c) Both anomeric positions bear acetal groups, so this disaccharide is not a reducing sugar. 


24.40. One of the rings (bottom right) has an anomeric OH group. As such, it is in equilibrium with the open chain 
form, which is reduced in the presence of sodium borohydride, as shown: 


CH20H CH2OH 
HO o CH20H HO 9 CH2OH 
ng O 9 NaBH, HO ~o OH 
OH — 
na MeOH HO 
OH OH 
OH 


24.41. 
(a) One of the rings (bottom right) has an anomeric OH group. As such, it is in equilibrium with the open chain form, 


which is reduced in the presence of sodium borohydride, as shown: 


CH20H CH2OH 
HO O CH 2OH HO O CH20H 
HO o Q Neer. s HO o OH 
OH HO OH H20 OH HO OH 
OH OH 


(b) One of the rings (bottom right) has an anomeric OH group, and is therefore in equilibrium with the open chain 
form, which is oxidized in the presence of Br2 and H20 (at pH = 6), as shown: 
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CHOH CHOH 
HO Q CHOH HO O CHOH 
HO o Q Š HO o OH 
OH HO OH H20 OH HO OH 
OH OH 


(c) One of the rings (bottom right) has an anomeric OH group. Upon treatment with methanol in acidic conditions, this 
OH group undergoes methylation, giving a methoxy group, as shown: 


CHOH 


HO Q CH2OH 


OH HO OH HCI 
OH 


(d) Upon treatment with excess acetic anhydride and pyridine, each of the OH groups undergoes acetylation, as shown: 


CHOH 
HO Q CHOH 
HO o Q 


OH HO OH py 
OH 


24.42. 

(a) The OH group connected to C3 is pointing to the 
right, so this is a D-sugar. The functional group at C1 is 
an aldehyde group, so the compound is an aldose. And 
finally, the compound has four carbon atoms, so it is a 
tetrose. In summary, this compound is a D-aldotetrose. 


(b) The OH group connected to C4 is pointing to the left, 
so this is an L-sugar. The functional group at C1 is an 
aldehyde group, so the compound is an aldose. And 
finally, the compound has five carbon atoms, so it is a 
pentose. In summary, this compound is an L- 
aldopentose. 


(c) The OH group connected to C4 is pointing to the 
right, so this is a D-sugar. The functional group at C1 is 
an aldehyde group, so the compound is an aldose. And 
finally, the compound has five carbon atoms, so it is a 
pentose. In summary, this compound is a D-aldopentose. 


(d) The OH group connected to C5 is pointing to the 
right, so this is a D-sugar. The functional group at C1 is 
an aldehyde group, so the compound is an aldose. And 
finally, the compound has six carbon atoms, so it is a 
hexose. In summary, this compound is a D-aldohexose. 


(e) The OH group connected to C4 is pointing to the 
right, so this is a D-sugar. The functional group at C2 is 
a ketone group, so the compound is a ketose. And 
finally, the compound has five carbon atoms, so it is a 
pentose. In summary, this compound is a D-ketopentose 


24.43. D-Glyceraldehyde has the R configuration, while 
L-glyceraldehyde has the S configuration. Therefore: 


CH20Ac 
AcO Q CH20Ac 
AcO o Q 
OAc Aco OAc 
OAc 

(a) The chiral center has the R configuration. This 
compound is D-glyceraldehyde. 
(b) The chiral center has the S configuration. This 
compound is L-glyceraldehyde. 
(c) The chiral center has the R configuration. This 
compound is D-glyceraldehyde. 
(d) The chiral center has the S configuration. This 


compound is L-glyceraldehyde. 


24.44. 

(a) This compound is D-Glucose (see Figure 24.5). 
(b) This compound is D-Mannose (see Figure 24.5). 
(c) This compound is D- Galactose (see Figure 24.5). 
(d) This compound is L-Glucose (see Figure 24.5). 


24.45. 
(a) D-Ribose is epimeric with D-arabinose at C2. 
(b) D-Arabinose is epimeric with D-lyxose at C2. 
(c) The enantiomer of D-ribose has the opposite 
configuration (S, rather than R) for all three chiral 
centers: 
HV 20 
HO H 
HO H 
HO H 
CHOH 


L-Ribose 


(d) They are the same compound. That is, the 
enantiomer of D-arabinose is L-arabinose, which is also 
the C2 epimer of L-ribose. 
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(e) They are diastereomers because they are 
stereoisomers that are not mirror images. 


24.46. 

(a) We use a numbering system to determine the size of 
the ring that is formed. The carbonyl group can be 
attacked by the OH group that is connected to C4, giving 
a five-membered ring: 


(b) We use a numbering system to determine the size of 
the ring that is formed. The carbonyl group can be 
attacked by the OH group that is connected to C5, giving 
a six-membered ring. Notice that there is a methyl group 
connected to C1 of the ring, as well as a methyl group 
connected to C5 of the ring: 


OH 
o O 
> 5 1 
ek. 4 2 
4 2 3 


24.48. 


(c) We use a numbering system to determine the size of 
the ring that is formed. The carbonyl group can be 
attacked by the OH group that is connected to C6, giving 
a seven-membered ring. Notice that there is a methyl 
group connected to C6 of the ring: 


24.47. We must use a numbering system, just as we did 
in the previous problem. There are two methyl groups at 
C3, which must be drawn in the starting material: 


(a) The following are the two pyranose forms (a and B anomers) of D-ribose: 


H O 


<47 
H 
H 


H OH 
5 
CHOH 


ie) 
ak 
Il 


2 
3 
4 


D-ribose 


o I Gy, 6H 
3 2. s 1 
HO N2 OH Hy N 
OH OH OH OH 


a@ pyranose ring 2 pyranose ring 


(b) The following are the two furanose forms (a and B anomers) of D-ribose: 


H O 


ste 5 
HOCH, 
H 


5 
‘CH2OH 


D-ribose 


24.49. 

(a) These compounds are diastereomers that differ from 
each other in the configuration of only one chiral center. 
Therefore, they are epimers. 

(b) These compounds are stereoisomers that are not 
mirror images of one another. Therefore, they are 
diastereomers. 

(c) These compounds are non-superimposable mirror 
images of one another. Therefore, they are enantiomers. 


2 on OH o 
ie ee 4 H a Š 
4 H 3 
H—4l_oH 2 
OH OH 


5 5 
CHOH CHOH OH 
o F o 
4 P 4 41 
3 2, OH 3 2 
OH OH OH OH 


a furanose ring £ furanose ring 


(d) These structures are two different representations of 
the same compound ($-D-glucopyranose). 


24.50. Upon treatment with aqueous acid, the anomeric 
methoxy group is replaced with an anomeric hydroxy 
group. The open chain form of the resulting cyclic 
hemiacetal is D-glucose. 
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H Noe O 
H OH 
HO H 
H OH 
H OH 
CH2OH 
D-Glucose 


24.51. To assign the configuration of each chiral center, 
we can use the rule of thumb that was pointed out in the 
solution to Problem 24.3. Specifically, an OH on the 
right side of the Fischer projection indicates the R 
configuration, while an OH on the left side of the Fischer 
projection indicates the S configuration: 


(a) (b) (c) 
H 0 H 22 

Noe? H—8-OH H—&-OH 
H—8_OH H—®-OH HO—S-H 
H—2_OH HO—S—H H—®-OH 

CH2OH CH2OH CH,OH 
(da) (e) 

H 

H—12-OH CH2OH 
HO—S—H é=o 

H—®-OH HO—S—H 

H—®-OH H—®-OH 

CH2OH CH2OH 


24.52. The structures below can be found in Figure 24.5: 


(a) (b) 
H O 
Rea HV 20 
H OH 
H OH 
HO H 
HO H 
H OH 
HO H 
H OH 
H OH 
CH20OH 
CH2OH 
D-Glucose D-Galactose 
(c) (d) 

H Noe O H Not O 
HO H H OH 
HO H H OH 

H OH H OH 
H OH H OH 
CH OH CH OH 
D-Mannose D-Allose 


CHAPTER 24 1035 


24.53. 

(a) We begin by drawing the open chain form of D- 
fructose (see Figure 24.6). This compound is closed into 
a furanose form, so we draw a Haworth projection of a 
furanose skeleton (a five-membered ring with the oxygen 
atom in the back). We use a numbering system to assist 
us. Next, we draw the CH2OH group (connected to C5) 
pointing up, because this is a D sugar. The anomeric OH 
group is then drawn pointing up (the B anomer). Finally, 
the remaining OH groups are drawn. Any OH groups on 
the right side of the Fischer projection will be pointing 
down in the Haworth projection, while any OH groups 
on the left side of the Fischer projection will be pointing 
up in the Haworth projection): 


1 

CHOH 

?c=0 $ 

3 OH 

Ho—— H i 5 HO `J 2 


5 


H OH 


ECH OH 


D-Fructose 

(b) We begin by considering the open chain form of D- 
galactose (see Figure 24.5). This compound is closed 
into a pyranose form, so we draw a Haworth projection 
of a pyranose skeleton (a six-membered ring with the 
oxygen atom in the back right corner). Next, we draw 
the CH2OH group (connected to C5) pointing up, 
because this is a D sugar. The anomeric OH group is 
then drawn pointing up (the B anomer). Finally, the 
remaining OH groups are drawn. Any OH groups on the 
right side of the Fischer projection will be pointing down 
in the Haworth projection, while any OH groups on the 
left side of the Fischer projection will be pointing up in 
the Haworth projection): 


6 
HOCH> 
HO J—o_ OH 
4 OH 1 
3 2 


D-Galactose 


(c) We begin by considering the open chain form of D- 
glucose (see Figure 24.5). This compound is closed into 
a pyranose form, so we draw a Haworth projection of a 
pyranose skeleton (a six-membered ring with the oxygen 
atom in the back right corner). Next, we draw the 
CH2OH group (connected to C5) pointing up, because 
this is a D sugar. The anomeric OH group is then drawn 
pointing up (the B anomer). Finally, the remaining OH 
groups are drawn. Any OH groups on the right side of 
the Fischer projection will be pointing down in the 
Haworth projection, while any OH groups on the left 
side of the Fischer projection will be pointing up in the 
Haworth projection): 
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LO 
6 
H OH HOCH; 
HO——H oe 
4 
H on = OH 1 
HO 
H OH 3 2 
A OH 
CHOH 
D-Glucose 


(d) We begin by considering the open chain form of D- 
mannose (see Figure 24.5). This compound is closed 
into a pyranose form, so we draw a Haworth projection 
of a pyranose skeleton (a six-membered ring with the 
oxygen atom in the back right corner). Next, we draw 
the CH2OH group (connected to C5) pointing up, 
because this is a D sugar. The anomeric OH group is 
then drawn pointing up (the B anomer). Finally, the 
remaining OH groups are drawn. Any OH groups on the 
right side of the Fischer projection will be pointing down 
in the Haworth projection, while any OH groups on the 
left side of the Fischer projection will be pointing up in 
the Haworth projection): 


6 
HOCH, 
O, OH 
aṣ 4 OH OH 4 
Ho N A 


D-Mannose 


24.54. D-allose is the aldohexose that is epimeric with 
D-glucose at C3. The a-pyranose form of D-allose is 
shown here: 
HOCH2 
O 


HO OH 
OH OH 


24.55. 

(a) This structure represents the œ anomer of the 
pyranose form of D-allose and is therefore called a-D- 
allopyranose. 

(b) This structure represents the B anomer of the 
pyranose form of D-galactose and is therefore called p- 
D-galactopyranose. 

(c) This structure represents an acetal of the B anomer of 
the pyranose form of D-glucose and is called methyl ß- 
D-glucopyranoside . 


24.56. The structures of D-allose, D-galactose and D- 
glucose can be found in Figure 24.5. 


(a) (b) (c) 
Hi eo H. 20 Be? 
H OH H—— oH H OH 
H OH Ho——H HO H 
H OH Ho——H H OH 
H OH H—— oH H OH 
CH2OH CH2OH CH2OH 
D-Allose D-Galactose D-Glucose 


24.57. 

(a) When treated with excess methyl iodide and silver 
oxide, all of the OH groups in the B-pyranose form of D- 
allose are converted into methoxy groups (via 
methylation), giving the following compound: 


CH2OCH3 
CH30 Q 


(b) When treated with excess acetic anhydride and 
pyridine, each of the OH groups in the B-pyranose form 
of D-allose will undergo acetylation to give the 
following compound: 


CH,0Ac 
AcO Q 


(c) When treated with methanol and HCI, the anomeric 

OH group in the f-pyranose form of D-allose is 

converted into a methoxy group. Both possible anomers 

are formed: 

CH OH CH OH 
O O 


HO 
OCH; + 
OH OH 
OH OH OCh; 


24.58. The product, shown below, is optically inactive 
because it is a meso compound: 


HO, c2 
H—— OH 
meso HO——H 
compound HO——H 
H—— OH 
Ho Co 


24.59. Upon treatment with nitric acid, D-allose 
undergoes oxidation to give an aldaric acid that is 
optically inactive because it is a meso compound: 
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H, 0 HO, 0 substituent is then labeled as “up” or “down” and placed 
C C on the chair accordingly. The anomeric OH group is 
H OH H OH drawn pointing down, indicating the a anomer. In this 
H OH HNO;, H2O H OH chair conformation, the largest substituent (CH20H) 
+» occupies an equatorial position, so this is the more stable 
H OH heat H OH chair conformation of a-D-altropyranose. 
H OH H OH 
CH2OH C equatorial axial 
? Ho~ So HO OH 
D-Allose HO -O 
optically inactive : 
equatorial 
meso 
compound OH OH 
axial axial 


24.60. The skeleton of the chair is drawn with an 
oxygen atom in the upper back-right corner. Each 


24.61. Upon treatment with excess methyl iodide in the presence of silver oxide, all of the OH groups are converted 
into methoxy groups, as shown. Upon treatment with aqueous acid, the acetal is hydrolyzed, giving both anomers of 
D-galactopyranose: 


o CH30 CH30 CH;0 
CH,OH 37 CH2OCH3 3) CH2OCH3 37 CH2OCH3 
Q excess CH3I Q H30* Q Q 
— — + 
HO A920 CH30 CH30 CH30 OH 
OH OCH3 
OH CH30 OCh; CHsO OH 
24.62. 


(a) These compounds (see Figure 24.5) are stereoisomers that are not mirror images of each other, so they are 


diastereomers. 
(b) D-Ribose and D-arabinose are C2 epimers. Therefore, removing the OH group from C2 of either compound will 
result in the same structure. That is, 2-deoxy-D-ribose and 2-deoxy-D-arabinose are the same compound. 


24.63. 2-Ketohexoses have three chiral centers. The configuration of one of these chiral centers (at C5) is fixed 
because the problem statement asks only for D sugars. That leaves two other chiral centers (C3 and C4), giving rise to 
the following four stereoisomers: 


CHOH CHOH CHOH CHOH 

C26 C6 c=6 cao 
H OH HO H H OH HO H 
H OH H OH HO H HO H 
H OH H OH H OH H OH 

CHOH CHOH CHOH CH2OH 


24.64. A Wohl degradation involves the removal of a carbon atom from an aldose. As shown below, D-ribose can be 
made from either D-allose or D-altose: 


H See O H Not O 
H OH HO H 
Wohl Wohl 
H On degradation H, zO degradation Or 
H OH C H OH 
H OH H OH H OH 
CH20H H OH CH20H 
D-Allose H OH D-Altose 
CH,OH 
D-Ribose 
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24.65. In a Kiliani-Fischer synthesis, the chain is 
lengthened, with C1 becoming C2 in the product. Both 
possible configurations of the C2 position are obtained, 
giving the following epimers: 


Kiliani- Hee? cad 
H ~c79 Fischer A . fo a 
HO H HO H HO H 
H OH H OH H OH 
H OH H OH H OH 
CHOH CHOH CH2OH 
D-Arabinose D-Glucose D-Mannose 


24.66. The aldehyde group is converted into a 
cyanohydrin. The newly installed chiral center can have 
either R or S configuration, giving the following 
diastereomers: 


— CN CN 
~c? Hoh HO H 
HCN 
H OH > H | OH + H OH 
CHOH CHOH CHOH 


D-Glyceraldehyde Diastereomers 


24.67. 

(a) Upon treatment with sodium borohydride, the 
aldehyde group of D-glucose is reduced to an alcohol, 
giving the following alditol: 


CH20H 

H OH 
HO H 

H OH 

H OH 

CH2OH 


(b) As shown, treatment of L-gulose with sodium 
borohydride gives the same alditol as above (when 
rotated 180°). 


H fe) 

CH,OH CH20H 

HO H HO H H OH 
HO H NaBH, HO H  __ HO H 

ee = 

H OH H20 H OH H OH 

HO H HO H H OH 

CHOH CH,OH CH,OH 

L-Gulose 


24.68. As seen in the solution to Problem 24.30, D- 
allose and D-galactose are converted into optically 


inactive alditols upon treatment with sodium 
borohydride. 
24.69. 


(a) This compound will not be a reducing sugar because 
the anomeric position is an acetal group. 

(b) This compound will be a reducing sugar because the 
anomeric position bears an OH group. 


24.70. 

(a) CHOH, HCI 

(b) CH30H, HC1 

(c) HNO;, H20, heat 

(d) excess CH3I, Ag20 followed by H30* 


24.71. 

(a) The methoxy group is replaced with an OH group. 
Under these conditions, both anomers are formed, giving 
a-D-glucopyranose and B-D-glucopyranose. 

(b) The ethoxy group is replaced with an OH group. 
Under these conditions, both anomers are formed, giving 
a-D-galactopyranose and B-D-galactopyranose. 


24.72. 

(a) Oxidation of D-Arabinose with nitric acid gives the 
same aldaric acid as oxidation of D-lyxose. 

(b) D-Ribose and D-xylose yield optically inactive 
alditols when treated with sodium borohydride. 

(c) Reduction of D-xylose yields the same alditol as 
reduction of L-xylose. 

(d) D-xylose can close into a B-pyranose form in which 
all substituents are equatorial. 


24.73. Trehalose is a disaccharide assembled from two 
equivalents of the a-pyranose form of D-glucose. 
Trehalose is not a reducing sugar, which means that the 
two rings must be fused at the anomeric positions (so 
there is no anomeric OH group). The disaccharide is 
assembled from the o-pyranose form of each equivalent 
of D-glucose: 


HOCH> 
o 


OH OH 
HO fe) OH 


HOCH, 


24.74. Reduction of D-xylose gives the following 
structure (D-xylitol): 
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H20 
H OH H OH 
CH2OH CH2OH 
D-Xylose D-Xylitol 


24.75. The 1->6-a-glycoside linkage of isomaltose is 
illustrated below: 


CH 20H 

HO Q 

HO 1 
OH 

OL 6 
SCH, 
HO 9 
HO 
OH 
Isomaltose OH 


(a t> 6-a-glycoside) 
24.76. 
(a) No, it is not a reducing sugar because the anomeric 
position has an acetal group. 


(b) The acetal group is hydrolyzed, giving both anomers 
of the cyclic hemiacetal: 


OH 
OH salicin 
OH | H30* 
HO OH 


OH 


HO OH 
OH 
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(c) Salicin is a B-glycoside. 


(d) Upon treatment with acetic anhydride and pyridine, 
all of the OH groups undergo acetylation, giving the 
product shown: 


OH 
OH 
HO O 
HO oO 
OH salicin 
Ac2O 
py 
OAc 
OAc 
AcO o 
AcO O 


OAc 


(e) No. In the absence of acid catalysis, the acetal group 
is not readily hydrolyzed. 
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24.77. The anomeric OH group is protonated under acidic conditions, giving an excellent leaving group (water). Loss 
of the leaving group gives a resonance-stabilized cation (resonance structure not shown). This cation is then attacked 
by phenol, giving an oxonium ion that is deprotonated to give the product: 


pH OH OH 
o N ö £ 
HO Z “HeCI HO Prt -HO HO > 
HO oH ~o HO Mo n HO \ 
OH OH @CH OH 


OH ON 
9 fe) H 


24.78. The following a and B anomers are obtained does not bear an OH group (as compared with 
when D-glucose is treated with aniline: adenosine): 
NH> 
CH2OH ‘i s 
i: aw CT 3 
HO RO HO N 2 
OH 
O 
a B-N-Glycoside 
DEOXY- 
OH ADENOSINE 
CH2OH 
HO oO (b) The following nucleoside, called guanosine (see 
HO Figure 24.13), is formed from D-ribose and guanine: 
OPN o 
H N LH 
an a-N-Glycoside 4 | A 
HE NSN 
24.79. 9 
(a) The following nucleoside is formed from 2-deoxy-D- GUANOSINE 
ribose and adenine. Notice that this structure differs OH OH 


from adenosine (see Figure 24.13) only at the C2 
position. Specifically, the C2 position in this structure 
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24.80. There are only four D-aldopentoses, all which are shown below. Only the first two are reduced to give an 
optically active alditol, as shown. The latter two are reduced to give meso compounds (not optically active): 


——— <<< a 
HV 20 HV 20 
HO H HO H 
H OH HO H 
H OH H OH 
CH2OH CH2OH 
_——_————— 
NaBH, NaBH, 
H2O H20 
CH2OH CHOH 
HO H HO H 
H OH HO H 
H OH H OH 
CH2OH CHOH 


(optically active) (optically active) 


24.81. 

(a) D-Gluconic acid is formed when the C1 position of 
D-glucose undergoes oxidation to give a carboxylic acid, 
shown here: 


HO. O 
H OH 

HO H 
H OH 
H OH 
CH2OH 


(b) A numbering system is used to help draw the 
product. The CH2OH group (connected to C5) is drawn 
pointing up, because the starting material is a D sugar. 
Any OH groups on the right side of the Fischer 
projection will be pointing down in the Haworth 
projection, while any OH groups on the left side of the 
Fischer projection will be pointing up in the Haworth 
projection): 


6 
HOCH, 
A Oo 
—> 4 OH à Oo 
OH A 
OH 


H, 20 H, 20 
H OH H ÓH 
H OH HO H 
H OH H OH 
CH2OH CH2OH 
NaBH, NaBH, 
H2O H2O 
CHOH CHOH 
H OH H OH 
H OH HO H 
H OH H OH 
CHOH CHOH 


(optically inactive) (optically inactive) 


(c) Yes. The compound has chiral centers, and it is not a 
meso compound. Therefore, it will be optically active. 


(d) The gluconic acid is a carboxylic acid and its IR 
spectrum is expected to have a broad signal between 
2200 and 3600 cm!. The IR spectrum of the lactone will 
not have this broad signal. 


24.82. In order for the CH2OH group to occupy an 
equatorial position, all of the OH groups on the ring must 
occupy axial positions. The total energy cost associated 
with the steric interactions of the axial OH groups is 
more than the energy cost associated with one (albeit 
larger) CH2OH group in an axial position. Therefore, the 
equilibrium will favor the form in which the CH2OH 
group occupies an axial position. The structure of L- 
idose is shown here: 


H fe) 
H OH 
o 
HO H HO 
H OH > HO OH 
| oH 
HO H HOCH> 
CHOH 
L-Idose 
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24.83. The molecular formula (C6H1206) indicates that compound A is a hexose (carbohydrate with six carbon atoms). 
Compound A is a reducing sugar, so it must be an aldohexose (rather than a ketohexose). Two successive Wohl 
degradations of compound A gives D-erythrose, which indicates the configurations of C4 and C5 of the aldohexose 
(both positions have the R configuration, just as in D-erythrose). Compound A is epimeric with glucose at C3, which 
indicates the R configuration at C3 (D-glucose has the S configuration at C3). Finally, C2 has the R configuration, 
giving the structure shown below (D-allose). The B-pyranose form of D-allose has also been drawn below. When 
treated with excess ethyl iodide in the presence of silver oxide, all of the OH groups in the B-pyranose form of 
compound A undergo alkylation, thereby converting them into ethoxy groups, as shown: 


H O 
H OH OH OEt 
H OH 
HO Q EU e EO 9 
H—— OH OH A920 OEt 
H OH OH OEt 
OH OEt 
CH2OH 
B-pyranose form 
D-Allose 
(Compound A) 


24.84. Glucose can adopt a chair conformation in which all of the substituents on the ring occupy equatorial positions. 
Therefore, D-glucose can achieve a lower energy conformation than any of the other D-aldohexoses. 


24.85. Both of these compounds have the molecular formula C6H1206, but they have a different connectivity of 
atoms. The C=O bond is located at C1 in the first compound, but located at C2 in the second compound: 


{cj CH20H 

H OH 6=6 

HO H HO H 
H OH H OH 
H OH H OH 
CH2OH CH2OH 

CoH 1206 CgH 1206 


Therefore, these compounds are constitutional isomers (the first is an aldose, and the second is a ketose). 
Stereoisomers must have the same connectivity of atoms (differing only in configuration), so these compounds cannot 


be stereoisomers. 


24.86. The pyranose form of glucose has a six-membered ring. The correct answer is (c). 
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24.87. The following mechanism consists entirely of deprotonation and protonation steps. 


Notice that for each 


deprotonation step, hydroxide is used as the base, while water is used as the proton source for each protonation step 


(consistent with basic conditions): 


=O 


HO :0: OH 
CAS CH2OH 
S OH OH l 
H OH H S H = 
O. eX < 
HO H *OH HO H H H HO H tat HO H 
H OH H OH H OH H OH 
H OH H OH H OH H OH 
CH2OH CH20H CH20H CH2OH 
D-gl. 
glucose 6! 
*OH 
CH2OH 
CH2OH CH2OH CHOH 
H OH 
H OH OH ra © OH 
m on N C= HO OL (0) 
7 OH 
:0 z Hot on at H—— OH H—— OH 
H OH H OH H OH H OH 
CH2OH CH2OH CHOH CHOH 
fo. 
H~ `H 
CH2OH 
H OH 
OH taut 
HO ~ 
H OH 
CHOH 
© 
:OH 
CHOH a CHOH CHOH CHOH 
= H OH H OH H OH 
ö ai GIA ar 8) 
HO f OL 
OH C=O HO O 
T taut OH OH 
HO—}—H HO p == 
uo H " À H OH HO H 
CH2OH CH2OH 
CH2OH CHOH 2 2 
wy, 
OH OH H. O 
H H ..O ~c? 
CH20H mae oO: OH 
OH c= H | H HO H 
fo 
HO i H OH öp H OH NOs, H OH aut H OH 
HO H == HO H = HO H = HO H == ho H 
HO H HO H HO H HoH HO H 
CH20OH CH2OH CH2OH CH20H CHOH 
L-glucose 
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24.87. Compound X is a D-aldohexose that can adopt a 
B-pyranose form with only one axial substituent. Recall 
that D-glucose has all substituents in equatorial 
positions, so compound X must be epimeric with D- 
glucose either at C2 (D-mannose), C3 (D-allose), or C4 
(D-galactose). 

Compound X undergoes a Wohl degradation to produce 
an aldopentose, which is converted into an optically 
active alditol when treated with sodium borohydride. 
Therefore, compound X cannot be D-allose, because a 
Wohl degradation of D-allose followed by reduction 
produces an optically inactive alditol. 

We conclude that compound X must be either D- 
mannose or D-galactose. 

The identity of compound X can be determined by 
treating compound X with sodium borohohydride. 
Reduction of D-mannose should give an optically active 
alditol, while reduction of D-galactose gives an optically 
inactive alditol. 


24.89. 

(a) Compound A is a D-aldopentose. Therefore, there 
are four possible structures to consider (Figure 24.4). 
When treated with sodium borohydride, compound A is 
converted into an alditol that exhibits three signals in its 
IBC NMR spectrum. Therefore, compound A must be D- 
ribose or D-xylose both of which are reduced to give 
symmetrical alditols (thus, three signals for five carbon 
atoms). 

When compound A undergoes a _ Kiliani-Fischer 
synthesis, both products can be treated with nitric acid to 


give optically active aldaric acids. Therefore, compound 
A cannot be D-ribose, because when D-ribose undergoes 
a Kiliani-Fischer synthesis, one of the products is D- 
allose, which is oxidized to give an optically inactive 
aldaric acid. We conclude that the structure of 
compound A must be D-xylose. 


H OH 
CH20H 
D-Xylose 


(b) Compound D is expected have six signals in its °C 
NMR spectrum, while compound E is expected to have 
only three signals in its C NMR spectrum. 


cere ZO nO ZO 
H OH HO H 
H OH H OH 
HO H HO H 
H OH H OH 
Ho~ "So Holo 
Compound D Compound E 
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Chapter 25 
Amino Acids, Peptides, and Proteins 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 25. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 
Vocabulary. 


e Amino acids in which the two functional groups are separated by exactly one carbon atom are 


called amino acids. 

e Amino acids are coupled together by amide linkages called bonds. 

e Relatively short chains of amino acids are called 

e Only twenty amino acids are abundantly found in proteins, all of which are ___ amino acids, 
except for which lacks a chiral center. 

e Amino acids exist primarily as at physiological pH 

e The of an amino acid is the pH at which the concentration of the 
zwitterionic form reaches its maximum value. 

e Peptides are comprised of amino acid joined by peptide bonds. 

e Peptide bonds experience restricted rotation, giving rise to two possible conformations, called 

and . The conformation is generally more stable. 

e Cysteine residues are uniquely capable of being joined to one another via 
bridges. 

e is commonly used to form peptide bonds. 


e Inthe Merrifield synthesis, a peptide chain is assembled while tethered to 


e The primary structure of a protein is the sequence of 

e The secondary structure of a protein refers to the 

of localized regions of the protein. Two particularly stable 
arrangements are the _ helix and__ pleated sheet. 

e The tertiary structure of a protein refers to its 

e Under conditions of mild heating, a protein can unfold, a process called 

e Quaternary structure arises when a protein consists of two or more folded polypeptide chains: 
called , that aggregate to form one protein complex. 


Review of Skills 


Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 
the end of Chapter 25. The answers appear in the section entitled Skil/Builder Review. 


25.1 Determining the Predominant Form of an Amino Acid at a Specific pH 


CONSIDER THE FOLLOWING AMINO ACID, 
AND DRAW THE FORM THAT 
PREDOMINATES AT PHYSIOLOGICAL pH. 
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25.2 Using the Amidomalonate Synthesis 


IDENTIFY REAGENTS THAT WILL ACHIEVE THE FOLLOWING TRANSFORMATION: 


1) 
Eto OEt 


a 
HOO 2) è a 
f0) 
O) 


25.3 Drawing a Peptide 


DRAW A 
BOND-LINE 
STRUCTURE FOR 
THE TRIPEPTIDE 
Phe-Val-Trp. 


25.4 Sequencing a Peptide via Enzymatic Cleavage 


IDENTIFY THE FRAGMENTS OBTAINED FROM ENZYMATIC CLEAVAGE OF THE FOLLOWING PEPTIDE: 


Ala-Phe-Lys-Pro-Met-Tyr-Gly-Arg-Ser-Trp-Leu-Hist 


sae b 


25.5 Planning the Synthesis of a Dipeptide 


IDENTIFY ALL REAGENTS NECESSARY TO PREPARE THE DIPEPTIDE Ala-Gly: 


Ala Gly 
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25.6 Preparing a Peptide using the Merrifield Synthesis 


IDENTIFY ALL REAGENTS NECESSARY TO PREPARE THE PENTAPEPTIDE Ile-Gly-Leu-Ala-Phe: 


Ile Gly Leu Ala Phe 


| 


Boc— Phe —{ power ) Boc— Ile Gly Leu Ala Phe—{ po. wen } 


Phe Boc— Ala Phe 


Review of Reactions 

Identify the reagents necessary to achieve each of the following transformations. To verify that your 
answers are correct, look in your textbook at the end of Chapter 25. The answers appear in the section 
entitled Review of Reactions. 


Analysis of Amino Acids 
O o° ° 
H20 
R_ „COOH OH 
T R ooo S N + COz 
OH 
NH2 
RCHO 
O O O 


Synthesis of Amino Acids 


o 
o o 
R 
R J R — = Aon 
OH OH 
NH2 
Br 
o o o o o 
EFS — > R 
EtO OEt EtO OEt OH 
N R N NH3 
a K e 
O 
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o 
N © 
O HN 6” HN e 
os — Oa 
RI `H NaCN RI `H R~ `H 
e] o) O 
>> OH OH OH 
NHAc NHAc NH2 
Analysis of Amino Acids 
o Ph. Ss 
n—¢ 
PEPTIDE NH > (| PEPTIDE _H 
~~ Y 2 oN + NH 
fo) 
H R H 
R 

Synthesis of Peptides 

O o 

AL F H2N— — A 
5< coH : ; y 
H 
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Solutions 


25.1. In each case, the chiral center has the R 
configuration (see SkillBuilder 5.9). 


are Z fe) Hose Zz [0] 
Hnn, Hnn, 
CH3 CH(CH3)2 
D-Alanine D-Valine 


25.2. The structure of each of the following amino acids 
can be found in Table 25.1. 


(a) (b) 
O 
Qr 
N NH2 
H 
d) 
O 
ee 
NH> 
25.3. 


(a) As seen in Table 25.1, the following amino acids 
exhibit a cyclic structure: Pro, Phe, Trp, Tyr, and His. 


oO 
yh 
NH2 
(c) ( 
O 
S 
Pa sAn Aon 
NH2 


(b) As seen in Table 25.1, the following amino acids 
exhibit an aromatic side chain: Phe, Trp, Tyr, and His. 


(c) As seen in Table 25.1, the following amino acids 
exhibit a side chain with a basic group: Arg, His, and 
Lys. 


(d) As seen in Table 25.1, the following amino acids 
exhibit a sulfur atom: Met and Cys. 


(e) As seen in Table 25.1, the following amino acids 
exhibit a side chain with an acidic group: Asp and Glu. 


(f) As seen in Table 25.1, the following amino acids 
exhibit a side chain containing a proton that will likely 
participate in hydrogen bonding: Pro, Trp, Asn, Gln, 
Ser, Thr, Tyr, Cys, Asp, Glu, Arg, His, and Lys. 


25.4. In each case, we first identify the pKa of the 
carboxylic acid group and determine which form 
predominates. The protonated form (RCOOH) will 
predominate if pH < pKa, while the carboxylate ion will 
predominate if pH > pKa. Next, we identify the pKa of 
the a-amino group and determine which form 
predominates. The protonated form (RNHs3*) will 
predominate if pH < pKa, while the uncharged form 
(RNHz2) will predominate if pH > pKa. Finally, a similar 
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analysis is performed for the side chain (if necessary). 
See Table 25.2 for pKa values. 


(a) (b) 
O 
(0) 
Hee o o® 
o © 
-NS ICH 
H~ `H H 
(c) (d) 
Oo Oo 
H2N 
o 2 of 
HO H” | H H° I H 
H 
(e) ( 
oO O oO 
— o£ H oy of 
N ® ® 
\UNH ÊN, ONL 
aT IH H~|~H 
H H 
25.5. Arginine has a basic side chain, while asparagine 


does not. At a pH of 11, arginine exists predominantly 
in a form in which the side chain is protonated. 
Therefore, it can serve as a proton donor. 


25.6. Tyrosine possesses a phenolic proton which is 
more readily deprotonated because deprotonation forms 
a resonance-stabilized phenolate ion. In contrast, 
deprotonation of the OH group of serine gives an 
alkoxide ion that is not resonance-stabilized. As a result, 
the OH group of tyrosine is more acidic than the OH 
group of serine. 


25.7. 

(a) Aspartic acid has two carboxylic acid groups, so the 
pI of aspartic acid is calculated using the pKa values of 
the two carboxylic acid groups, as shown here (pKa 
values can be found in Table 25.2): 


1.88 + 3.6 
pl = —e = 2.77 


(b) Leucine does not have an acidic side chain or a basic 
side chain, so the pI of leucine is calculated using the 
pKa value of the carboxylic acid group and the pKa value 
of the ammonium group, as shown here (pKa values can 
be found in Table 25.2): 


P 
EE 298 4 ee 
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(c) Lysine has two ammonium groups, so the pI of lysine 
is calculated using the pKa values of the two ammonium 
groups, as shown here (pKa values can be found in Table 
25.2): 


8.95 + 10.93 
ae 


(d) Proline does not have an acidic side chain or a basic 
side chain, so the pI of proline is calculated using the pKa 
value of the carboxylic acid group and the pKa value of 
the ammonium group, as shown here (pKa values can be 
found in Table 25.2): 

1.99 + 10.60 


pl = ———— = 6.30 
2 


25.8. 

(a) Aspartic acid has two carboxylic acid groups, so it is 
expected to have the lowest pI. 

(b) Glutamic acid has two carboxylic acid groups, so it is 
expected to have the lowest pI. 


25.9. Leucine and isoleucine both exhibit the same pKa 
value for the carboxylic acid group. Similarly, both 
leucine and isoleucine exhibit the same pKa value for the 
amino group. As such, the pI value of leucine is 
expected to be the same as the pI value of isoleucine. 


25.10. The pI of Phe = 5.48, the pI of Trp = 6.11, and 
the pI of Leu = 6.00. Using these values, we make the 
following predictions: 

(a) At pH = 6.0, Phe will travel the farthest distance. 

(b) At pH = 5.0, Trp will travel the farthest distance. 


25.11. The following aldehyde is expected when L- 
leucine is treated with ninhydrin: 
O 
Ninhydrin H 
OH Pala lata yr 
NH> NaOH O 
Leucine + CO + H2O 
25.12. 
(a) Racemic leucine can be made using a Hell- 
Volhard-Zelinsky reaction, as shown: 
1) Br2 A 
PBr3 
— 
OH 2) H20 OH 
3) xs NH3 NH> 
(racemic) 


1) Bro, PBr3 o 
2) H20 
A^ oH Ss NH3 
Br 


(b) Racemic alanine can be made using a Hell-Volhard- 
Zelinsky reaction, as shown: 


Oo 1) Bro r PBr3 O 
LA 2) H20 
on 3) xs NH3 OH 
NH2 
1) Br2, PBr3 (racemic) 
2) H20 o 


xs NH3 


(c) Racemic valine can be made using a Hell-Volhard- 
Zelinsky reaction, as shown: 


1) Bro i PBr3 


(@) 6) 
AL 2) H2O 
— > 
OH 3) xs NH3 OH 
NH> 
1) Bro, PBr3 (racemic) 
2) H2O o 
xs NH3 
OH 
Br 


25.13. In each case, the process is a Hell-Volhard- 
Zelinsky reaction, which will give the following amino 
acids: 
(a) (b) 
m A peoo 
NH2 NH2 

Leucine Valine 

(c) (d) 
COOH 
IT HəN©cCooH 
Phenylalanine Glycine 


25.14. In each case, we begin by identifying the side 
chain connected to the a position. Then, we identify the 
necessary alkyl halide and ensure that it is not tertiary 
(because a tertiary alkyl halide will not undergo an Sn2 
reaction). An amidomalonate synthesis is performed 
using acetamidomalonate as the starting material, which 
is first treated with sodium ethoxide. The resulting 
conjugate base (a doubly stabilized enolate) is then 
treated with the alkyl halide, followed by hydrolysis with 
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aqueous acid and heat, to give the desired amino acid. 
Note that the final step employs acidic conditions, so the 
amino group of the resulting amino acid is protonated: 


(a) 


Oo oO oO 
1) NaOEt 
od 
EtO OEt 92) aA OH 
Br 


fe} 3) H30*, heat 


(0) 
1)NaQEt NaOEt 
“2)CHsBr CHBr OH 
3) H30*, heat NH3 
Ar ° 
oO 
J) NaOEt NaOEt 
z ee L OH 
NH 
Ar Br o”? 


3) H30*, heat 


25.15. 
(a) Alanine is obtained when methyl chloride is used as 
the alkyl halide in an amidomalonate synthesis. The 
methyl group (from methyl chloride) is highlighted in the 
product: 

O 


aA 


NH3 
® 


(b) Valine is obtained when isopropyl chloride is used as 
the alkyl halide in an amidomalonate synthesis. The 
isopropyl group (from isopropyl chloride) is highlighted 
in the product: 

O 


NH3 
® 


(c) Leucine is obtained when 2-methy]-1-chloropropane 
is used as the alkyl halide in an amidomalonate 


synthesis. The alkyl group (from the alkyl chloride) is 
highlighted in the product: 
O 
OH 
y 
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25.16. Leucine can be prepared via the amidomalonate 
synthesis with higher yields than isoleucine, because the 
former requires an Sn2 reaction with a primary alkyl 
halide, while the latter requires an Sn2 reaction with a 
secondary (more hindered) alkyl halide. 


25.17. 
(a) Methionine can be prepared from the aldehyde 
below via a Strecker synthesis, as shown: 


O 1) NH,CI, NaCN 


a | 
aah 


(b) Histidine can be prepared from the aldehyde below 
via a Strecker synthesis, as shown: 


(ai 
N H 


2) H30* 


1) NH4Cl, NaCN 


2) H30* 
o 
ay OH 
N 
\ONH Nhs 


(c) Phenylalanine can be prepared from the aldehyde 
below via a Strecker synthesis, as shown: 


Ai, 


1) NH,Cl, NaCN 


2) H,0* 


<< 
oO 


OH 


(d) Leucine can be prepared from the aldehyde below via 
a Strecker synthesis, as shown: 


AA, 


1) NH,Cl, NaCN 
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25.18. 
(a) Acetaldehyde is converted into a racemic mixture of 
alanine (via a Strecker synthesis), as shown: 


9 1) NH4CI, NaCN a 


—— HC 
2) H,0* OH 


NH 
o? 


HC ~H 


alanine 


(b) 3-Methylbutanal is converted into a racemic mixture 
of leucine (via a Strecker synthesis), as shown: 


1) NH,Cl 


(0) oO 
NaCN 
—_—_—_—_—_—_—_—_> 
H 2) H30* OH 
NH3 
© 
leucine 


(c) 2-Methylpropanal is converted into a racemic mixture 
of valine (via a Strecker synthesis), as shown: 


1) NH4CI, NaCN O 
2) “ano OH 
NH3 
® 
valine 


25.19. 
(a) L-Alanine can be prepared from the following 
compound via an asymmetric catalytic hydrogenation: 


(b) L-Valine can be prepared from the compound below 
via an asymmetric catalytic hydrogenation: 
O 


` OH 


NHAc 


(c) L-Leucine can be prepared from the compound below 
via an asymmetric catalytic hydrogenation: 


(0) 


S OH 
NHAc 


(d) L-Tyrosine can be prepared from the compound 
below via an asymmetric catalytic hydrogenation: 


(0) 


NHAc 
HO 


25.20. Glycine does not possess a chiral center, so the 
use of a chiral catalyst is unnecessary. Also, there is no 
alkene that would lead to glycine upon hydrogenation. 


25.21. For each of the following peptides, the N terminus is drawn on the left and the C terminus on the right. Side 
chains at the top of the drawing are on wedges, while side chains on the bottom of the drawing are on dashes. The 
identity of each side chain can be found in Table 25.1. 


(a) (b) 
HS 
o 
H A, we 
N ws OH HN OH 
HoN < NN Nr i 
= H Oo = 
Oo => o “COOH 
(œ) 
A 
HN~ Sy, 
“sg o 
H H 
N N Ak OH 


OH 
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25.22. Based on the identities of side chains (see Table 
25.1), this peptide has the following sequence: 


Leu-Ala-Phe-Cys-Asp 


This sequence can be summarized with the following 
one-letter abbreviations: 


L-A-F-C-D. 


25.23. The first peptide (Cys-Tyr-Leu) is expected to 
have a higher molecular weight, because the amino acid 
residues have larger side chains (see Table 25.1). 


25.24. These peptides have the same molecular formula 
but they differ from each other in their connectivity of 
atoms (or constitution). As such, they are constitutional 
isomers. 


25.25. The following is the s-trans conformation of the 
dipeptide Phe-Phe. Notice that the N-terminus is on the 
left, while the C-terminus is on the right, as per accepted 
convention. Also notice that the side chain at the top of 
the drawing is on a wedge, while the side chain at the 
bottom of the drawing is on a dash (see SkillBuilder 
25.3). 


O : 
x I C terminus 
HN eS OH 


N terminus O 


25.26. In the s-cis conformation, the phenyl groups will 
experience a severe steric interaction, thereby causing 
the s-cis conformation to be extremely high in energy: 


O 
OH 


NH 


25.27. Two equivalents of the dipeptide are drawn, and 
they are then connected by a disulfide bridge, as shown: 


CHAPTER 25 1053 
(0) 
un JL OH 
s N 
s^ 
| 
S 
(0) 


25.28. 

(a) The following is the structure of aspartame. Notice 
that the N-terminus is on the left, while the C-terminus is 
on the right, as per accepted convention. In this case, the 
C-terminus is an ester (rather than a carboxylic acid). 
Also notice that the side chain at the top of the drawing 
is on a wedge, while the side chain at the bottom of the 
drawing is on a dash (see SkillBuilder 25.3). 


HOOC 


o 
N JL 
HoN A or 


(b) The compound above has two chiral centers, giving 
rise to a total of four possible stereoisomers. The 
structure above represents one of these stereoisomers. 
The other three isomers are shown here: 


www.MyEbookNiche.eCrater.com 


1054 CHAPTER 25 


25.29. In the following structure, each of the amino acid residues has been highlighted and labeled: 


D-Glutamic 


: Not listed in Table 25.1 
acid 


L-Leucine L-Isoleucine 


L-Lysine 
NT NH2 

Oo @ Oo 

H H : 

s N N JL Mo 

N © fe) z 
OH 

O 


| 


Not listed in Table 25.1 


HN 


L-Isoleucine 
HN o 
a ® NH 
ool 
HN NH 
HN 
H @) 
N 
O X 
Z D-Phenylalanine 
L-asparagine una e Z NNH j 
Bacitracin A 
© N=/ 
D-Aspartic L-Histidine 
acid 


25.30. An Edman degradation will remove the amino acid residue at the N terminus, and Ala is the N terminus in 
Ala-Phe-Val. Therefore, alanine is removed, giving the following PTH derivative: 


NH 
o 
CH3 


25.31. Only one of the trypsin fragments has a C terminus that is not arginine or lysine. This fragment, which ends 


with valine, must be the last fragment in the peptide sequence. The remaining three trypsin fragments can be placed in 
the proper order by analyzing the chymotrypsin fragments. The correct peptide sequence is: 


Ala-ValMet-Phe-Val-Ala-Tyr-Lys-Pro-Val-Ile-Leu-Arg-Trp-His-Phe-Met-Cys-Arg-Gly-Pro-Phe-Ala-Val 


25.32. The following tetrapeptide will be cleaved by chymotrypsin to give Ala-Phe and Val-Lys: 


Ala-Phe-Val-Lys 


25.33. Cleavage with trypsin will produce Phe-Arg, while cleavage with chymotrypsin will produce Arg-Phe. These 
dipeptides are not the same. They are constitutional isomers. 
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25.34. 
(a) We begin by installing the appropriate protecting groups. Then, upon treatment with DCC, the protected amino 


acids are coupled. And finally, the protecting groups are removed, as shown: 


(Boc),0 
Trp > Boc—Trp 
DCC 1) CF3COOH 
> Boc— Trp—Met— OCH3 d Trp—Met 
2) NaOH, H20 
[H*] 
Met | —————> Met—OCH3 
CH30H 


(b) We begin by installing the appropriate protecting groups. Then, upon treatment with DCC, the protected amino 
acids are coupled. And finally, the protecting groups are removed, as shown: 


(Boc)20 
Ala = Boc— Ala 
DOE Bo Al Il OCH = Al: 
> C a le a Il 
32) NaOH, H20 ete 
H 
le) ———> Ile— OCH3 
CH30H 


(c) We begin by installing the appropriate protecting groups. Then, upon treatment with DCC, the protected amino 
acids are coupled. And finally, the protecting groups are removed, as shown: 


(Boc)20 
Leu > Boc —-Leu 
DCC 1) CF3CO0OH 
> Boc—Leu-— Val OCH3 a Leu— Val 
2) NaOH, H20 
[H 
va) ————~> Val— OCH3 
CH30H 


25.35. The first two amino acid residues (in the desired peptide sequence) are Ile and Phe. So we must begin with 
those amino acids. We first install the appropriate protecting groups. Then, upon treatment with DCC, the protected 
amino acids are coupled. The protecting group at the C-terminus is then removed and the resulting unprotected C- 
terminus is coupled with the appropriate protected amino acid (glycine, protected at the C-terminus), using DCC. And 
finally, the protecting groups are removed, as shown: 


(Boc)20 
lle = Boc lle 
DCC 
æ>  Boc——Ile—Phe— OCH3 
[H] 
Phe) —————__ Phe—OCH; NaOH, H20 
CH3OH 
Boc—Ile— Phe 
DCC Gly — OCH3 
1) CF3COOH 
Ile—Phe=Gly —— Boc—~ Ile— Phe—Gly — OCH3 
2) NaOH, H20 
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25.36. The first two amino acid residues (in the desired peptide sequence) are Leu and Val. So we must begin with 
those amino acids. We first install the appropriate protecting groups. Then, upon treatment with DCC, the protected 
amino acids are coupled. The protecting group at the C-terminus is then removed and the resulting unprotected C- 
terminus is coupled with the appropriate protected amino acid, using DCC. Each additional residue is installed via 
deprotection of the C-terminus followed by coupling with the appropriate protected amino acid, as shown. Finally, the 
protecting groups are removed, giving the desired pentapeptide: 


(Boc)20 
Leu = Boc—Leu 
DCC 
æ=  Boc——-Leu-Val— OCH3 
H1 NaOH, H2O 
O Sar ol H s 
a eTA Val—OCH3 


Boc—Leu- Val 


DCC | Phe— OCH3 


1) NaOH, H20 
Boc—Leu- Val—Phe—Ile—OCH3 Boc—Leu- Val—Phe-—OCHs 
2 
) (qe-OcHs 
1) NaOH, H2O DCC 
2 
) Ala— OCH3 
DCC 
1) CF3COOH 
Boc—Leu+ Val—-Phe-+-Ile—-Ala— OCH3 Leu-Val—Phe-—Ile— Ala 
2) NaOH, H2O 


25.37. 
(a) First, we attach the appropriate Boc-protected residue to the polymer: 
O 
N A 
© 
i 
Boc X O o 
i Ph N A 
cI POLYMER o Bor oN POLYMER 
Ph 


Then, the Boc protecting group is removed and a new peptide bond is formed with a Boc-protected amino acid, using 
DCC. This two-step process (removal of the Boc protecting group, followed by peptide bond formation) is then 
repeated to install each additional residue, until the desired sequence has been assembled. Finally, the Boc protecting 
group is removed and the desired peptide is detached from the polymer, as shown: 
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Boc—Phe——POLYMER 


Boc—Phe--Leu— Val— Phe 


POLYMER 


1) CF;COOH 
2) HF 


Phe--Leu— Val—Phe 


CHAPTER 25 
1) CF3COOH 
> Boc— Val— Phe POLYMER 
2) 
Boc— Val 
1) CF3COOH 
DCC 2) 
Boc—Leu 
DCC 
1) CF;COOH 
=<=_ — Boc—Leu-—Val—Phe— POLYMER 
2) 
Boc— Phe 
DCC 


(b) First, we attach the appropriate Boc-protected residue to the polymer: 


a mN 
POLYMER 


POLYMER 


1057 


Then, the Boc protecting group is removed and a new peptide bond is formed with a Boc-protected amino acid, using 
DCC. This two-step process (removal of the Boc protecting group, followed by peptide bond formation) is then 
repeated to install each additional residue, until the desired sequence has been assembled. Finally, the Boc protecting 
group is removed and the desired peptide is detached from the polymer, as shown: 


Boc——Ile——POLYMER 


Boc— Ala— Val—Leu- Ile 


POLYMER 


1) CFsCOOH 
2) HF 


Ala— Val—Leu-~Ile 


1) CF;COOH 
— H Boc—-Leu- Ile— POLYMER 
2) 
Boc—-Leu 
1) CF3COOH 
DCC 2) 
Boc— Val 
DCC 
1) CF3COOH 
Boc— Val—Leu— Ile—— POLYMER 
2) 
Boc—Ala 
DCC 


25.38. First, a protected valine residue is connected to the polymer. After deprotection, a protected alanine residue is 
installed. Then, after deprotection again, a protected phenylalanine residue is installed. Deprotection, followed by 
detachment from the polymer, gives the following tripeptide: 


(N terminus) 


Val-Ala-Phe 


(C terminus) 


25.39. The regions that contain repeating glycine and/or alanine units are the most likely regions to form f sheets: 


Trp-His-Pro-Ala-Gly-Gly-Ala-Val-His-Cyst-Asp-Ser-Arg-Arg-Ala-Gly-Ala-Phe 
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25.40. In each case, the carboxylic acid group is drawn 
in its deprotonated form (as a carboxylate ion), and the 
amino group is drawn in its protonated form (as an 
ammonium ion): 


(a) (b) 
O (@) 
o® oO” 
of | o 
w, N "a N 
H 4 H H H” |I H 
() (d) 
O (@) (®) 
© 
HoN oF re) 
ON, NÊ 
H” | H IH 


25.41. When applying the Cahn-Ingold-Prelog conven- 
tion for assigning the configuration of a chiral center, the 
amino group generally receives the highest priority (1), 
followed by the carboxylic acid group (2), followed by 
the side chain (3), and finally the H (4). Accordingly, 
the S configuration is assigned to L amino acids. 
Cysteine is the one exception because the side chain has 
a higher priority than the carboxylic acid group. As a 
result, the R configuration is assigned. 


25.42. 

(a) L-threonine has two chiral centers (see Table 25.1). 
The configuration of each of these chiral centers is 
shown in the following Fischer projection: 


Ho, 20 
HN H 
H OH 
CH; 


(b) L-Serine has only one chiral center (see Table 25.1). 
The configuration of this chiral center is shown in the 
following Fischer projection: 


HO. 20 
HNH 
CHOH 
(c) L-Phenylalanine has only one chiral center (see Table 
25.1). The configuration of this chiral center is shown in 
the following Fischer projection: 


HO. O 


HN} 


(d) L-Asparagine has only one chiral center (see Table 
25.1). The configuration of this chiral center is shown in 
the following Fischer projection: 


HO. 20 
Hnn 
CH CONH> 


25.43. 
(a) Isoleucine and threonine each have two chiral centers 
(see Table 25.1). 


(b) The Cahn-Ingold Prelog convention (SkillBuilder 
5.4) gives the following configurations: 


Isoleucine = 25, 3S 
Threonine = 2S, 3R 
25.44. Isoleucine has two chiral centers, so we expect 


four possible stereoisomers, shown here. The 
configuration of each chiral center is shown. 


NH2 NH2 

z (0) a] 

A R 

S g OH R OH 
NH2 NH2 


25.45. Protonation of the highlighted nitrogen atom 
gives a conjugate acid that is highly stabilized by 
resonance (the positive charge is highly delocalized). 


* H _@_H H, H 
fN D ~N< ~N7 


N 
HLA So o 
R—— N 
- H Ro HÅR 
HN N m N©nN 
y i | ae 
H H H H 


Hg H H, H 
N <> N 
H, N R H DLA R 
ve ae 
H H H H 


25.46. The protonated form below is aromatic. In 
contrast, protonation of the other nitrogen atom in the 
ring would result in loss of aromatic stabilization. 


re) O 
— OH Acid y ora y o 
N > — 
\-NH NH? \-NH NH? 


www.MyEbookNiche.eCrater.com 


25.47. In each case, we first identify the pKa of the 
carboxylic acid group and determine which form 
predominates. The protonated form (RCOOH) will 
predominate if pH < pKa, while the carboxylate ion will 
predominate if pH > pKa. Next, we identify the pKa of 
the o-amino group and determine which form 
predominates. The protonated form (RNHs3*) will 
predominate if pH < pKa, while the uncharged form 
(RNHz2) will predominate if pH > pKa. Finally, a similar 
analysis is performed for the side chain (if necessary). 
See Table 25.2 for pKa values. 


(a) (b) 
(®) Oo O O 
a on won oP 
ON, ON, 
H” | `H H” | `H 
H H 


(c) (d) 
O oO 
me i i 
© © 
oO O © Ar © 
oO O 
ON. 
H° ICH NS 
H H H 


25.48. At physiological pH, each of the carboxylic acid 
groups is deprotonated (and will exist primarily as a 
carboxylate ion), while each of the amino groups is 
protonated (and will exist primarily as an ammonium 


ion): 
(a) (b) 

= O O 

A © 
sA Qrp" 

UN® N® 

H ICH N H ICH 

H H H 


(c) (d) 
(0) O O Oo 
© 
Wa NYO oY 
AIGH H” ICH 
H H 


25.49. 

(a) L-Alanine does not have an acidic side chain or a 
basic side chain, so the pI of L-alanine is calculated 
using the pKa value of the carboxylic acid group and the 
pKa value of the ammonium group, as shown here (pKa 
values can be found in Table 25.2): 


2.34 + 9.6 
pI = r a = 6.02 


(b) L-Asparagine does not have an acidic side chain or a 
basic side chain, so the pI of L-asparagine is calculated 
using the pKa value of the carboxylic acid group and the 
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pKa value of the ammonium group, as shown here (pKa 
values can be found in Table 25.2): 


2.02 + 8.80 
pI = = = 5.41 


(c) L-Histidine has a basic side chain. As such, the pI of 
L-histidine is calculated using the pKa values of the two 
ammonium groups, as shown here (pKa values can be 
found in Table 25.2): 


_ 9.17 + 6.00 
2 


(d) L-Glutamic acid has two carboxylic acid groups, so 
the pI of L-glutamic acid is calculated using the pKa 
values of the two carboxylic acid groups, as shown here 
(pKa values can be found in Table 25.2): 


2.19 + 4.25 
pl = -z> = 3.22 


25.50. Lysozyme is likely to be comprised primarily of 
amino acid residues that contain basic side chains 
(arginine, histidine, and lysine), while pepsin is 
comprised primarily of amino acid residues that contain 
acidic side chains (aspartic acid and glutamic acid). 


25.51. First, we must calculate the pI for each amino 
acid (using the procedure shown in the solution to 
Problem 25.49). Next, we identify the pKa of the 
carboxylic acid group and determine which form 
predominates. The protonated form (RCOOH) will 
predominate if pI < pKa, while the carboxylate ion will 
predominate if pI > pKa. 

Then, we identify the pKa of the a-amino group and 
determine which form predominates. The protonated 
form (RNH3*) will predominate if pI < pKa, while the 
uncharged form (RNH2) will predominate if pI > pKa. 
Finally, a similar analysis is performed for the side chain 
(if necessary). See Table 25.2 for pKa values. 


(a) (b) 


re) (0) O 
© 
aa o 
On On 
H~|~H H~|~H 
H H 


(©) (d) 
®) OH O 
© 
Oo A Noe 
NÊ ONS 
| CH H” I H 
H H 
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25.52. Under strongly basic conditions (NaOH), the 
carboxylic acid group exists as a carboxylate ion. 

Under these conditions, the œ position can be 
deprotonated, giving a dianion (resonance-stabilized). 
This dianion can be protonated by water (at the a 
position), thereby regenerating the carboxylate ion. In 
the process, racemization occurs at the a position 
because the a position is sp? hybridized (trigonal planar) 
in the dianion intermediate. Protonation of the dianion 
can occur on either face of the plane (with equal 
likelihood), giving a racemic mixture. 


HADH 
© © 
O, 20 O, 70 
HNH + Hnn 
R R 
X P 
y 


Racemic mixture 


25.53. The pI of Gly = 5.97, the pI of Gln = 5.65, and 
the pI of Asn = 5.41. Using these values, we make the 
following predictions: 

(a) At pH = 6.0, Asn will travel the farthest distance. 

(b) At pH = 5.0, Gly will travel the farthest distance. 


25.54. When treated with ninhydrin, the carboxylic acid 
group (connected to the a position) and the amino group 
(connected to the a position) are both removed, and the 
a position becomes an aldehyde group, giving the 
following products: 


(a) (b) 
o o or" 
HO H O 
(c) 


(d) Ninhydrin does not react with proline because the 
amino group is not primary. 


25.55. 

(a) When treated with ninhydrin, each of the amino acids 
(except proline) is converted into an aldehyde with 
complete removal of the carboxylic acid group and the 


amino group (that are connected to the a position). 
Therefore, the identity of each aldehyde indicates the 
side chain of the corresponding amino acid from which it 
was made (see Table 25.1). This analysis reveals that the 
starting mixture must have contained methionine, valine, 
and glycine. 


(b) The following purple product is obtained whenever 
ninhydrin reacts with an amino acid (except for proline). 


09 fe) 
DOS 
O O 


(c) The compound is highly conjugated and has a Amax 
that is greater than 400 nm (see Section 16.12) 


25.56. Valine can be made from the following aldehyde 
(via a Strecker synthesis), as shown: 


(0) 
1) NH4CI, NaCN 
a od 
H  2)H30* OH 
NH3 


©) 


25.57. Alanine can be prepared via the amidomalonate 
synthesis with higher yields than valine, because the 
former requires an Sn2 reaction with a primary alkyl 
halide, while the latter requires an Sn2 reaction with a 
secondary (more hindered) alkyl halide. 


25.58. The side chain (R) of glycine is a hydrogen atom 
(H). Therefore, no alkyl group needs to be installed at 
the a position. 


O O O 


H30*, heat 
A OH 


25.59. 

(a) The reagents indicate a Hell-Volhard-Zelinsky 
reaction (thereby installing a bromine atom at the a 
position), followed by an Sn2 reaction (thereby replacing 
the bromine atom with an amino group). The product is 
an amino acid (phenylalanine), as shown: 


O O 
1) Bro, 
OH PBr3 OH 
— 
2) H20 NH2 
3) xs NH3 
1) Bro , PBr3 Q 


2) H2O ok 


Br 
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(b) The reagents indicate a Strecker synthesis, giving an 
amino acid (phenylalanine), as shown: 
H 1) NH,Cl, NaCN 


OH 
NH3 
® 


(c) The reagents indicate an amidomalonate synthesis, 
giving an amino acid (alanine), as shown: 


Oo o o 
BO ogt 1) NaOet a 
2) CHgI 
r N 3 
H Ho 3) H30*, heat NHs 
O 


25.60. 

(a) Racemic valine can be made from the corresponding 
carboxylic acid using a Hell-Volhard-Zelinsky reaction, 
as shown: 


o o 
P 1) Br2, PBr3 
Sua OH 


2) H20 


3) xs NH3 NH2 
(racemic) 
1) Bro i PBr3 
2) H20 
Lis xs NH3 


(b) Racemic valine can be made from acetamidomalo- 
nate using an amidomalonate synthesis, as shown: 


O oO 
1) NaOEt 
EtO OEt 2) 
UN 
an Br 
oO 3) H30*, heat 
Oo 
OH 

NH3 
© 
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(c) Racemic valine can be made from 2-methylpropanal 
using a Strecker synthesis, as shown: 


È 1) NH4Cl, NaCN E 
— 
H  2)H30* OH 
NH3 
© 
25.61. A pentapeptide has five amino acid residues, 


each of which can be any of the 20 naturally occurring 
amino acids. Therefore, there are 20x20x20x20x20 = 
205 = 3,200,000 possible pentapeptides that can be made 
from the naturally occurring amino acids. 


25.62. L-Histidine can be prepared from the compound 
below via an asymmetric catalytic hydrogenation: 


O 


= a~ OH 
N 
\-NH NHAC 


25.63. Below are the six possible sequences for a 
tripeptide containing L-leucine, L-methionine, and L- 
histidine: 


1) Leu-Met-Val 
2) Leu-Val-Met 
3) Met-Val-Leu, 
4) Met-Leu-Val 
5) Val-Met-Leu 
6) Val-Leu-Met 


25.64. The N terminus of this tripeptide is drawn on the 
left and the C terminus on the right. Side chains at the 
top of the drawing are on wedges, while side chains on 
the bottom of the drawing are on dashes. The identity of 
each side chain can be found in Table 25.1. 

At physiological pH, the amino groups exist primarily in 
their protonated form (ammonium ions) while the 
carboxylic acid groups exist primarily in their 
deprotonated form (carboxylate ions): 


o 
© 
o o 
H 
N JL oS 
H3N < ~N 
® 2 H 
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25.65. The N terminus is drawn on the left and the C terminus on the right. Side chains at the top of the drawing are 
on wedges, while side chains on the bottom of the drawing are on dashes. The identity of each side chain can be found 


in Table 25.1. 


HN 


N Terminus 
COOH 


HN Ž 
H 9 Li 
N TO “J 
< ~N : oe OH 
H = 
b C Terminus 
~N 


25.66. The N terminus is drawn on the left and the C terminus on the right. Side chains at the top of the drawing are 
on wedges, while side chains on the bottom of the drawing are on dashes. The identity of each side chain can be found 


in Table 25.1. 
HO 
s^ 


oO O 
H H 
N N OH 
NC : N 
H 
(0) 


HN 
z H 
o o L 


25.67. The structure of aspartame is shown in the solution to Problem 25.28. At physiological pH, the carboxylic acid 
group is deprotonated (and will exist primarily as a carboxylate ion), while the amino group is protonated (and will 


exist primarily as an ammonium ion): 


H3N 


25.68. The following retrosynthetic analysis reveals the two amino acids (cysteine and valine) that are most likely 


utilized during the biosynthesis of penicillin antibiotics 


r 
H2N SH 
R-N S 
a a 
(0) z OH HN 
JOH cysteine 
oO Š OH 


www.MyEbookNiche.eCrater.com 


CHAPTER 25 1063 


25.69. The following retrosynthetic analysis reveals the three amino acids (tyrosine, serine, and glycine) that are 


necessary for biosynthesis of the fluorophore: 


HO 
H 
H N o = 
es 
HO oO” “R 


25.70. If a tripeptide does not react with phenyl 
isothiocyanate, then it must not have a free N terminus. 
It must be a cyclic tripeptide. Below are the two possible 
cyclic tripeptides: 


Gly Gly 


25.71. 

(a) Trypsin catalyzes the hydrolysis of the peptide bond 
at the carboxy] side of arginine, giving the following two 
fragments: 


Arg +  Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg 


(b) Chymotrypsin catalyzes the hydrolysis of the peptide 
bonds at the carboxy] side of phenylalanine, giving the 
following three fragments: 


Arg-Pro-Pro-Gly-Phe + Ser-Pro-Phe + Arg 


25.72. The R group (highlighted) in the PTH derivative 
indicates the identity of the N-terminal residue. Since 
this R group is a benzylic group (—CH2Ph), the N- 
terminal residue must be phenylalanine. 


HO 
tyrosine o 
HN 
OH 
O + 
HN H2N 
2 OH 2 J 
HO O OH 
serine glycine 
25.73. The first Edman degradation indicates that the 


N-terminal residue is valine (the R group is isopropyl). 
The second Edman degradation indicates that the N- 
terminal residue of the dipeptide is alanine. And finally, 
the remaining amino acid (glycine) must be at the C- 
terminus of the tripeptide. In summary, the tripeptide is 
Val-Ala-Gly, drawn here: 


O 


H 
N OH 
; Ar 
= H 
O (0) 


H2N 


25.74. Only one of the trypsin fragments has a C 
terminus that is not arginine or lysine. This fragment 
(which ends with threonine), must be the last fragment in 
the peptide sequence. The remaining three trypsin 
fragments can be placed in the proper order by analyzing 
the chymotrypsin fragments. The correct peptide 
sequence is: 


His-Ser-Gln-Gly-Thr-Phe-Thr-Ser-Asp-Tyr-Ser-Lys- 
Tyr-Leu-Asp-Ser-Arg-Arg-Ala-Gln-Asp-Phe-Val-Gln- 
Trp-Leu-Met-Asn-Thr 


There cannot be any disulfide bridges in this peptide, 
because it has no cysteine residues, and only cysteine 
residues form disulfide bridges. 


25.75. Prior to acetylation, the nitrogen atom of the 
amino group is sufficiently nucleophilic to attack phenyl 
isothiocyanate. Acetylation converts the amino group 
into an amide group, and the lone pair of the nitrogen 
atom is delocalized via resonance, rendering it much less 
nucleophilic. 
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25.76. (c) Under basic conditions, the amino group is not 
(a) When treated with acid and methanol, the carboxylic protonated, and the carboxylic acid group is 
acid group is converted into a methyl ester (via a Fischer deprotonated, giving a carboxylate ion: 

esterification process), and the amino group is 


protonated, giving the following compound: 
o£ 
HN 
© oO (0) 
H3N = 


(0) 
(d) Under acidic conditions, the amino group is 
protonated to give an ammonium ion, and the carboxylic 


(b) When treated with di-tert-butyl dicarbonate, the 
acid group will be in its protonated form: 


amino group is protected with a Boc protecting group, 
giving the following product: 
© OH 


Boc, OH 
O 


25.77. We begin by installing the appropriate protecting groups. Then, upon treatment with DCC, the protected amino 
acids are coupled. And finally, the protecting groups are removed, as shown 
(Boc)20 


Phe Boc— Phe 


1) CF3COOH 


BOS Boc—+Phe+ Ala— OCH Ph 
joc—Phe— Ala— e Al 
2) NaOH, HzO J 


IH*] 


Ala ~CHOH Ala— OCH3 


1) 


25.78. When a mixture of L-phenylalanine and L-alanine is treated with DCC, there are four possible dipeptides 
Phe-Ala, or 2) Ala-Phe, or 3) Phe-Phe, or 4) Ala-Ala. These four possibilities are drawn below: 


CH3 


O 
H 
N 
HoN : OH HoN 


CH3 


o 
H 
N 
HN < NOH HN 
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25.79. We begin by installing the appropriate protecting groups. Then, upon treatment with DCC, the protected amino 
acids are coupled. And finally, the protecting groups are removed, as shown: 


(Boc)z0 
Phe-Ile > Boc—-Phe-Ile 
DCC 
= Boc—-Phe-— Ile— Val—Leu— OCH3 
H] 
Val—Leu T CHH Val—Leu— OCH3 1) CFSCOOH 


2) NaOH, HO 


Phe—Ile—Val—-Leu 


25.80. First, we attach the appropriate Boc-protected residue to the polymer: 


an POLYMER 


POLYMER > a 


Then, the Boc protecting group is removed and a new peptide bond is formed with a Boc-protected amino acid (valine), 
using DCC. This two-step process (removal of the Boc protecting group, followed by peptide bond formation) is then 
repeated to install the leucine residue. Finally, the Boc protecting group is removed and the desired tripeptide is 


detached from the polymer, as shown: 


1) CF3COOH 
Boc— Ala—— POLYMER sao Boc— Val— Ala—— POLYMER 
2) 
Boc— Val 
1) CF3COOH 
DCC 2) 
Boc— Leu 
DCC 
1) CF3;COOH 
Leu—Val— Ala < Boc—-Leu— Val— Ala POLYMER 
2) HF 


25.81. During a Merrifield synthesis, the C-terminus of the growing peptide chain remains anchored to the polymer. 
The C-terminus of the desired peptide (leucine enkephalin) is occupied by a leucine residue. Therefore, the following 
Boc-protected amino acid (leucine) must be anchored to the polymer in order to prepare leucine enkephalin via a 


Merrifield synthesis: 
H O 
N JL 
Boc N OH 


e 


25.82. A proline residue cannot be part of an a helix, because it lacks an N-H proton and does not participate in 
hydrogen bonding. (The amino acid proline does indeed have an N-H group, but when incorporated into a peptide, the 


proline residue does not have an N-H group) 
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25.83. The amino group attacks one of the carbonyl groups of DCC, giving a tetrahedral intermediate. The carbonyl 
group is then reformed upon expulsion of a resonance-stabilized leaving group. The resulting cation is then 


deprotonated to give the product: 


25.84. The following alkyl halide would be necessary in order to prepare tyrosine via an amidomalonate synthesis. 
This starting material possesses both a nucleophilic center (the OH group) as well as an electrophilic center (it is a 
primary benzylic bromide). As such, the molecules can react with each other via an Sn2 process, thereby forming the 


polymer shown: 
E w 
x) 


25.85. The stabilized enolate ion (formed in the first step) can function as a base, rather than a nucleophile, giving an 


E2 reaction: 
H 
©. Br 
:OEt o /0O J 
H 7 A 
— 
co on 


O O 
OEt 
UN UN 
eo - 


(0) 


EtO 


25.86. The lone pair on that nitrogen atom is highly delocalized via resonance and is participating in aromaticity. 


Accordingly, the lone pair is not available to function as a base. 
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25.87. 

(a) The Hell-Volhard-Zelinsky reaction will install a 
bromine atom at the a position of a carboxylic acid. 
This bromine atom can then be replaced with an amino 
group via an Sn2 process. As such, the following 
carboxylic acid is necessary in order to prepare tyrosine 
via a Hell-Volhard-Zelinsky reaction: 


O 
OH 
HO 


(b) The aromatic ring is highly activated toward 
electrophilic aromatic substitution, as a result of the 
presence of the OH group, which is an ortho-para 
director (as seen in Chapter 19). Therefore, the ring can 
undergo bromination in the two positions that are ortho 
to the OH group (the para position is already occupied), 
giving the following product: 


O 
Br 
OH 


He (CoHaBr203) 


Br 


25.88. At physiological pH, a carboxylic acid group is 
expected to exist predominantly as a carboxylate ion, and 
the amino group is expected to exist primarily as an 
ammonium ion. Option (d) is the correct answer. 


(0) 


N~ 
@\ H 
H 
25.89. The compound is constructed from five amino 


acid residues, as highlighted below, and is therefore a 
pentapeptide: 


CH3||H © OH 


H o 
| | 
HN < 7N < JN 
© : | | 
© H © H 


SH 
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25.90. At low temperature, the barrier to rotation keeps 
the two methyl groups in different electronic 
environments (one is cis to the C=O bond and the other 
is trans to the C=O bond), and as a result, they give rise 
to separate signals. At high temperature, there is 
sufficient energy to overcome the energy barrier, and the 
protons change electronic environments on a timescale 
that is faster than the timescale of the NMR 
spectrometer. The result is an averaging effect which 
gives rise to only one signal. 


25.91. 

(a) The COOH group does not readily undergo 
nucleophilic acyl substitution because the OH group is 
not a good leaving group. By converting the COOH 
group into an activated ester, the compound can now 
undergo nucleophilic acyl substitution because it has a 
good leaving group. 

(b) The nitro group stabilizes the leaving group via 
resonance. As described in Chapter 19, the nitro group 
serves as a reservoir for electron density: 


Zi ? 


N® 
É oO? 0° 
oN => 
:0 O 


(c) The nitro group must be in the ortho or para position 
in order to stabilize the negative charge via resonance (as 
shown above). Ifthe nitro group is in the meta position, 
the negative charge cannot be pushed onto the nitro 


group. 


25.92. Hydrolysis of the ester group gives threonine, as 
shown here: 


OH O e 7 
H3N,, 
OH == OH 
(©) NH3 KO OH 
threonine 
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Chapter 26 
Lipids 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 26. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 
Vocabulary. 


e Lipids are naturally occurring compounds that are extracted from cells using 


solvents. 

e Complex lipids readily undergo , while simple lipids do not. 

° are high molecular weight esters that are constructed from carboxylic acids and 
alcohols. 

° are the triesters formed from glycerol and three long-chain carboxylic 


acids, called fatty acids. The resulting triglyceride is said to contain three fatty acid 


e For saturated fatty acids, the melting point increases with increasing 
The presence of a double bond causes a decrease in the melting point. 

e Triglycerides that are solids at room temperature are called , While those that are liquids at 
room temperature are called 

e Triglycerides containing unsaturated fatty acid residues will undergo hydrogenation. During the 
hydrogenation process, some of the double bonds can isomerizes to give m bonds 

e In the presence of molecular oxygen, triglycerides are particularly susceptible to oxidation at the 

position to produce hydroperoxides. 

e Transesterification of triglycerides can be achieved either via 
to produce biodiesel. 

° are similar in structure to triglycerides except that one of the three fatty acid 
residues is replaced by a phosphoester group. 

e The structures of steroids are based on a tetracyclic ring system, involving three six-membered 


catalysis or catalysis 


rings and one -membered ring. 
e The ring fusions are all in most steroids, giving steroids their rigid geometry. 
e All steroids, including cholesterol, are biosynthesized from ; 
e Prostaglandins contain twenty carbon atoms and are characterized by a -membered ring 


with two side chains. 

e Terpenes are a class of naturally occurring compounds that can be thought of as being assembled 
from units. 

e A terpene with 10 carbon atoms is called a , While a terpene with 20 carbon 
atoms is called a 
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Review of Skills 


Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 
the end of Chapter 26. The answers appear in the section entitled Skil/Builder Review. 


26.1 Comparing Molecular Properties of Triglycerides 


CIRCLE THE TRIGLYCERIDE BELOW THAT IS EXPECTECD TO HAVE A HIGHER MELTING POINT. 


P Anaan F rane 
poh anand, 
a a ae SEN NO 


O (0) 


26.2 Identifying the Products of Triglyceride Hydrolysis 


DRAW THE PRODUCTS OBTAINED WHEN THE FOLLOWING TRIGLYCERIDE IS TREATED WITH AQUEOUS SODIUM HYDROXIDE. 


p 
O 
O 
ce ee eee ee en NaOH 
— ~ > 
ce) 
A 
o a 


26.3 Drawing a Mechanism for Transesterification of a Triglyceride 


PROTON NUCLEOPHILIC PROTON PROTON LOSS OF A PROTON 
TRANSFER ATTACK TRANSFER TRANSFER LEAVING GROUP TRANSFER 
A THE THE RESULTING THE THE DEPROTONATION 
IS FUNCTIONS AS A IS IS YIELDS THE 
PROTONATED NUCLEOPHILE AND INTERMEDIATE PROTONATED REGENERATED VIA PRODUCT 
ATTACKS THE IS DEPROTOANTED, EXPULSION OF THE 
PROTOANTED THEREBY LEAVING GROUP 
CARBONYL GROUP REMOVING THE 
POSITIVE CHARGE 


26.4 Identifying Isoprene Units in a Terpene 


IDENTIFY THE 
ISOPRENE UNITS IN 
THE FOLLOWING 
TERPENE 
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Review of Reactions 


Identify the reagents necessary to achieve each of the following transformations. To verify that your 
answers are correct, look in your textbook at the end of Chapter 26. The answers appear in the section 
entitled Review of Reactions. 


9 OH 
O O 
Ce ee -m OH + O NAANA AAAA an AR 
O. OH 
Da — 
O NN ee 
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Solutions 


26.1 Hydrolysis of triacontyl hexadecanoate gives a carboxylic acid with sixteen carbon atoms and an alcohol with 
thirty carbon atoms, as shown: 


O (0) 


(CH2)29CH3 hydrolysis 
í Tn — = HO — (CH>)gCH 
CH3(CHa)44 CH3(CH>)14 OH + (CH2)29 ; 


26.2. The products of hydrolysis suggest the following ester: 


oO 


PR AP ARLE RAPER LRP PR BRI RP PoP 


26.3. 
(a) Trimyristin is expected to have a higher melting point because the fatty acid residues in trimyristin have more 
carbon atoms than the fatty acid residues of trilaurin. 


(b) Triarachidin is expected to have a higher melting point because the fatty acid residues in triarachidin have more 
carbon atoms and less unsaturation than the fatty acid residues of trilinolein. 


(c) Triolein is expected to have a higher melting point because the fatty acid residues in triolein have less unsaturation 
than the fatty acid residues of trilinolein. 


(d) Tristearin is expected to have a higher melting point because the fatty acid residues in tristearin have more carbon 
atoms than the fatty acid residues of trimyristin. 


26.4. Of the three triglycerides, tristearin is expected to have the highest melting point because the fatty acid residues 
in tristearin have more carbon atoms and less unsaturation than the fatty acid residues of tripalmitolein or tripalmitin. 
Tripalmitolein is expected to have the lowest melting point because the fatty acid residues in tripalmitolein have fewer 
carbon atoms and more unsaturation than the fatty acid residues of tristearin or tripalmitin. 


26.5. The fatty acid residues in triarachidin have more carbon atoms than the fatty acid residues in tristearin. 
Therefore, triarachadin is expected to have a higher melting point. It should be a solid at room temperature, and should 
therefore be classified as a fat, rather than an oil. Therefore, triglycerides made from lauric acid will also have a low 
melting point. 


26.6. 

(a) All three fatty acid residues are saturated, with either 16 or 18 carbon atoms, so the triglyceride is expected to have 
a high melting point. It should be a solid at room temperature, so it is a fat. 

(b) All three fatty acid residues are unsaturated, so the triglyceride is expected to have a low melting point. It should be 
a liquid at room temperature, so it is an oil. 


26.7. 
(a) The C=C bond in each oleic acid residue undergoes hydrogenation, giving the following saturated triglyceride: 
Se a ee 
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(b) The triglyceride obtained from hydrogenation (shown above) has three stearic acid residues, so it is called tristearin. 
(c) Tristearin is expected to have a higher melting point because the fatty acid residues in tristearin are saturated, while 
the fatty acid residues of triolein are unsaturated. 

(d) Upon treatment with aqueous base, each of the ester groups will undergo hydrolysis, giving three equivalents of 
stearic acid. 


26.8. There are three fatty acid residues. Partial hydrogenation indicates that either one or two of these residues has a 
double bond (in the trans configuration). There are two isomers that exhibit one C=C bond, and there are two isomers 
that exhibit two C=C bonds, as shown here: 


10) O 
(0) (0) 
ee S a N Dv E PLP * 


26.9. When a triglyceride is treated with aqueous base, each of the ester groups is hydrolyzed, giving glycerol and 
three carboxylate ions, as shown: 


oO 
Na 6) AeA 
OH 
@) 
"i M AAAA AAN 
© 
Na Oo 
OH 
(S) 
Na O A 
O 
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26.11. The products of hydrolysis indicate that the starting triglyceride has two lauric acid residues and one palmitic 
acid residue. In order to be achiral, the palmitic acid residue must be connected to C2 of the glycerol backbone, as 
shown below. Otherwise, the highlighted position (C2 of the glycerol backbone) would be a chiral center: 

O 


A 
O 


chirality center Yee 


oO 


26.12. Each of the three ester groups undergoes transesterification via the following mechanism. The carbonyl group 
is protonated and the resulting resonance-stabilized cation is then attacked by methanol, giving a tetrahedral 
intermediate (an oxonium ion). Deprotonation, followed by protonation, gives another oxonium ion, which then loses a 
leaving group, thereby regenerating the carbonyl group. Deprotonation then gives the products (glycerol and three 
equivalents of the ester): 


s NA © _H MeN 
me H a pac me Me—O—H iS 


SoM — 


26.13. When triolein undergoes transesterification with isopropyl alcohol, the glycerol backbone is released, along 
with three equivalents of the isopropyl ester shown: 


O ZA 
OH + nid 
O 


OH (three equivalents) 


OH 


26.14. 
(a) Hydroxide functions as a catalyst by establishing an equilibrium in which some ethoxide ions are present. 


© 
HO: + “H—OEt ~—= HO + OEt 


ethoxide 
Then, each ester group undergoes transesterification via the following mechanism. The carbonyl group is attacked by 
ethoxide, giving a tetrahedral intermediate (an alkoxide ion). The carbonyl group is then reformed via expulsion of an 


alkoxide leaving group, which is then protonated by water, giving glycerol and three equivalents of an ethyl ester, as 
shown. 
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z9 GM -0f OEt Za n „O, O 
Ag ee = fo E J NN = By 


(b) Hydroxide can function as a nucleophile and attack each ester group directly, giving hydrolysis rather than 
transesterification. 


26.15. fe) 
(a) The following lecithin has two myristic acid residues: 
O 
Oo O NNS 
PPLE o 
O 
id OL ® 
(APRA ARR IR 4 Sees 
o0 
or, <7 
JN NAAS (b) Yes. The C2 position would still be connected to 
O O . . . . 
© four different groups so it would still be a chiral center. 


(b) The C2 position (of a lecithin) will be a chiral center 26.17. The phosphate group has three resonance 


and will generally have the R configuration, as shown: structures, as shown: 
P e a ee | E 
P AA, oe 
9 O O 
SOON EEE O l — O _I 
R 
Oo. O O o9 
F P ~ i oN KA 
/ ON S 
oo «(© / Dö ara 
o0 i10: 
~o 
(c) No. The C2 position would no longer be a chiral O 
center, because it would be connected to two identical / 
groups. ee 
O R 
O 
26.16. o 
(a) Each of the following two cephalins has one palmitic 
acid residue and one oleic acid residue. In each case, the oe R 
C2 position is a chiral center with the R configuration. o / 
P. 
yrs 
i/ ee 


26.18. Octanol has a longer hydrophobic tail than 
hexanol and is therefore more efficient at crossing the 
nonpolar environment of the cell membrane. 


26.19. No. Glycerol has three OH groups (hydrophilic) 
and no hydrophobic tail. It cannot cross the nonpolar 
environment of the cell membrane. 
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26.20. A ring-flip is not possible for trans-decalin 
because one of the rings would have to achieve a 
geometry that resembles a six-membered ring with a 
trans-alkene, which is not possible. 


Hypothetical 


ring flip 
— 


The ring fusions of cholesterol all resemble the ring 
fusion in zrans-decalin, so none of the rings in 
cholesterol are free to undergo ring-flipping. 


26.21. 
(a) The two rings are fused together in a trans-decalin 
system. The position of each substituent is labeled: 


axial 
Me 
equatorial 
Me Me 
equatorial 
Me 
axial 


(b) The two rings are fused together in a trans-decalin 
system. The position of each substituent is labeled: 


axial 
Me Me axial 


Me 


torial 
equatorial Me 


axial 
(c) Each set of neighboring rings are fused together, 
much like in a ¢rans-decalin system. The position of 
each substituent is labeled: 
axial 
axial CH3 
CH; H fe) 


OH H 
axial 


26.22. The structure of prednisolone acetate is shown 
below. As described in the problem statement, this 
structure is different from the structure of cortisol in two 
ways, highlighted below: 
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26.23. One of these compounds is extremely similar in 
structure to norethindrone (an oral contraceptive), except 
that the methyl group of norethindrone has been replaced 
with an ethyl group. This structure is likely norgestrel, 
because the problem statement indicates that nogestrel is 
used as an oral contraceptive. 


et OH =c-H 


al a 


norgestrel 


Oxymetholone is an anabolic steroid and it is similar in 
structure to nandrolone (a synthetic androgen analogue): 


oxymetholone 


26.24. 

(a) This prostaglandin has the PGE substitution pattern, 
and there is only one m bond in the side chains, so this 
compound is PGE) . 


(b) This prostaglandin has the PGF substitution pattern, 
and there is only one m bond in the side chains. For a 
PGF substitution pattern, an additional descriptor is 
added to the name to indicate the configuration of the 
OH groups. A cis diol is designated as a, so this 
compound is PGF 1a. 


26.25. 
(a) This terpene has ten carbon atoms and is therefore 
comprised of two isoprene units, shown here: 


OH 
eS AN 


29 


menthol 


(b) This terpene has ten carbon atoms and is therefore 
comprised of two isoprene units, shown here: 


awns OH 


iF 


grandisol 
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(c) This terpene has ten carbon atoms and is therefore 
comprised of two isoprene units, shown here: 


carvone 


26.26. 

(a) Yes, this compound has 10 carbon atoms and is 
comprised of two isoprene units. 

(b) No, this compound is not a terpene, because it has 11 
carbon atoms. In order to be a terpene, the number of 
carbon atoms must be divisible by 5. 

(c) No, this compound is not a terpene, because it has 11 
carbon atoms. In order to be a terpene, the number of 
carbon atoms must be divisible by 5. 

(d) This compound has 10 carbon atoms, but the 
branching pattern cannot be achieved by joining two 
isoprene units, so this compound is not a terpene. 


26.27. The pyrophosphate leaving group is expelled to give a resonance-stabilized (allylic) carbocation. The x bond 
of isopentyl phosphate then functions as a nucleophile and attacks the carbocation. Finally, a basic amino acid residue 


of the enzyme removes a proton to give the product: 


Sopp e 
i NNS NNS NNS 
x x x OPP 
| Acer 
—_— g 
SS SS SS 
x x A x OPP C OPP 


26.28. The pyrophosphate leaving group is expelled to give a resonance-stabilized (allylic) carbocation. The n bond of 
isopentyl phosphate then functions as a nucleophile and attacks the carbocation. A basic amino acid residue of the 
enzyme then removes a proton to give geranyl pyrophosphate. The previous three steps are then repeated to give 
farnesyl pyrophosphate, followed by an elimination process to give a-farnesene, as shown: 


Ə 
—OPP 


A 
Aore @ 


geranyl 
pyrophosphate 


AQ 
> OPP 
WN SS 


D 


D 


NNS NS ZB 


farnesyl 
pyrophosphate 


“a 


a-farnesene 
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26.29. 

(a) As seen in Section 26.6, stanozolol is a steroid. 

(b) As seen in Section 26.8, lycopene is a terpene. 

(c) As seen in Section 26.3, tristearin is a triglyceride. 
(d) As seen in Section 26.5, lecithins are phospholipids. 
(e) As seen in Section 26.7, PGF2 is a prostaglandin. 

(f) As seen in Section 26.2, pentadecyl octadecanoate is 
a wax. 


26.30. 

(a) When treated with excess molecular hydrogen and a 
metal catalyst (Ni), the C=C bond in each palmitoleic 
acid residue undergoes hydrogenation, giving the 
following saturated triglyceride: 


(b) When a triglyceride is treated with aqueous base, 
each of the ester groups is hydrolyzed, thereby releasing 
glycerol: 

OH 


OH 


OH 


and three carboxylate ions, as shown: 


nee Op eer ee wr 
(three equivalents) 
26.31. Each of the following two cephalins has one 


lauric acid residue and one myristic acid residue. In each 
case, the C2 position is a chiral center with the R 
configuration. Both compounds are chiral: 
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26.32. The fatty acid residues in this triglyceride are 
saturated, and will not react with molecular hydrogen. 


(0) 


Anaa 
AT 


oO 
26.33. 
(a) This compound is an amino acid. It is not a lipid. 
(b) This compound has a large hydrophobic tail and is 
therefore a lipid. 
(c) Lycopene is terpene, which is a type of lipid. 
(d) Trimyristin is a triglyceride, which is a type of lipid. 
(e) Palmitic acid has a large hydrophobic tail and is 
therefore a lipid. 
(f) D-Glucose is a carbohydrate. It is not a lipid. 
(g) Testosterone is a steroid, which is a type of lipid. 
(h) D-Mannose is a carbohydrate. It is not a lipid. 


26.34. trans-Oleic acid has 18 carbon atoms and a trans 
m bond between C9 and C10, as shown: 


ee Ce Oe Oe 
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26.35. The fatty acid residues of tristearin are saturated 
and are therefore less susceptible to auto-oxidation than 
the unsaturated fatty acid residues in triolein. 


26.36. A monoglyceride exhibits two OH groups (of 
the glycerol backbone) and is therefore expected to be 
the most water-soluble of the three compounds. A 
triglyceride has no OH groups (all three positions of the 
glycerol backbone are occupied), so a triglyceride will be 
the least water-soluble. 


26.37. Water would not be appropriate because it is a 
polar solvent, and terpenes are nonpolar compounds. 
Hexane is a nonpolar solvent and would be suitable. 


26.38. 

(a) As seen in Table 26.1, palmitic acid is a saturated 
fatty acid. 

(b) As seen in Table 26.1, myristic acid is a saturated 
fatty acid. 

(c) As seen in Table 26.1, oleic acid is an unsaturated 
fatty acid. 

(d) As seen in Table 26.1, lauric acid is a saturated fatty 
acid. 

(e) As seen in Table 26.1, linoleic acid is an unsaturated 
fatty acid. 

(f) As seen in Table 26.1, arachidonic acid is an 
unsaturated fatty acid. 


26.39. As seen in Table 26.1, arachidonic acid has four 
carbon-carbon double bonds. 


26.40. 
(a) No. It is an oil. 
(b) No. The fatty acid residues in triolein are 


unsaturated, so triolein is reactive towards molecular 
hydrogen in the presence of Ni. 

(c) Yes. It undergoes hydrolysis to produce unsaturated 
fatty acids. 
(d) Yes. 
hydrolysis. 
(e) No. It is not an ester with a high molecular weight. 
It is not a wax. 

(f) No. It does not have a phosphate group. 


It is a complex lipid because it undergoes 


26.41. 
(a) Yes. It is a fat. 


(b) Yes. The fatty acid residues in tristearin are 
saturated, so tristearin is not reactive towards molecular 
hydrogen in the presence of Ni. 

(c) No. It undergoes hydrolysis to produce fatty acids 
that are saturated. 

(d) Yes. It is a complex lipid because it undergoes 
hydrolysis. 

(e) No. It is not an ester with a high molecular weight. 
It is not a wax. 

(f) No. It does not have a phosphate group. 


26.42. The products of hydrolysis suggest the following 


ester: 
Mi 
H3C — (CH2)4g—C—-O-— (CH2)9— CH3 
20 CARBON ATOMS 30 CARBON ATOMS 


26.43. Trimyristin is expected to have a lower melting 
point than tripalmitin because the former is comprised of 
fatty acid residues with fewer carbon atoms (14 instead 
of 16). 


O - =. 
trimyristin 
O 
AAAA ew eo 
O 


Da a a 
O 
tripalmitin 
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26.44. Each of the three ester groups undergoes transesterification via the following mechanism. The carbonyl group 
is protonated and the resulting resonance-stabilized cation is then attacked by isopropanol, giving a tetrahedral 
intermediate (an oxonium ion). Deprotonation, followed by protonation, gives another oxonium ion, which then loses a 
leaving group, thereby regenerating the carbonyl group. Deprotonation then gives the products (glycerol and three 
equivalents of the isopropyl ester): 


it HỌ 
ps AL 7 po “IL eye 
ion O ; ; OH Oo eX 
H 
26.45. See the solution to Problem 26.14. 26.48. The carbon skeleton of cholesterol is redrawn, 


but all wedges are replaced with dashes, and all dashes 
26.46. In order to be achiral, the palmitic acid residue are replaced with wedges, giving the following structure 
must be connected to C2 of the glycerol backbone (the enantiomer of cholesterol): 
(shown below). Otherwise, C2 would be a chiral center. 
This way, C2 is connected to two identical groups, so it 
is not a chiral center. 


26.49. 
re) (a) This terpene has fifteen carbon atoms and is therefore 


comprised of three isoprene units, shown here: 
o n 
3 N Ao 7 


26.47. In order for the triglyceride to be achiral, the L 


palmitic acid residue cannot be connected to C2 of the 


bisabolene 
glycerol backbone (as explained in the previous 


problem). (b) This terpene has twenty carbon atoms and is 
a therefore comprised of four isoprene units, shown here: 
oO 
o JA 
: Z : X 
\ = . 
ONIN Ee | 
O 


flexibilene 
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(c) This terpene has fifteen carbon atoms and is 
therefore comprised of three isoprene units, shown here: 


AZ 


SS ZA 


humulene 


(d) This terpene has twenty carbon atoms and is 
therefore comprised of four isoprene units, shown here: 


DBIPES y 
| 
cae 


VitaminA 


26.50. 


(e) This terpene has ten carbon atoms and is therefore 
comprised of two isoprene units, shown here: 


NODA.. 


geraniol 


(£) This terpene has ten carbon atoms and is therefore 
comprised of two isoprene units, shown here: 


AS 


sabinene 


(a) The polar head and the two hydrophobic tails are labeled in the following structure: 


Hydrophobic tails 


œO R 


Polar Head 
A M 
O N S 
P b \/ 
H OS = 
OH O 


(b) Yes, they have one polar head and two hydrophobic tails. See Figure 26.6. 


26.51. 


(a) The epoxide can be formed on the top face of the m 
bond, as shown: 


or the epoxide can be formed on the bottom face of the n 
bond, as shown: 


(b) The methyl group (C19) provides steric hindrance 
that blocks one side of the a bond, and only the 
following epoxide is obtained: 


26.52. 

(a) Estradiol has an aromatic ring that bears an OH 
group. As such, the ring is strongly activated toward 
electrophilic aromatic substitution. Upon treatment with 
excess Bro, bromination occurs at the two positions that 
are ortho to the OH group, which is an ortho-para 
director. 


www.MyEbookNiche.eCrater.com 


The para position is already occupied so bromination 
does not occur at that location. 


(b) Upon treatment with PCC, the secondary alcohol is 
oxidized to give the following ketone: 


(c) Upon treatment with a strong base, followed by 
excess ethyl iodide, each of the OH group undergoes 
alkylation, thereby converting the OH groups into ethoxy 
groups, as shown: 

OEt 


EtO 


(d) Upon treatment with excess acetyl chloride in the 
presence of pyridine, each of the OH group undergoes 
acetylation, giving the following product: 


26.53. Every one of the OH groups in sucrose (see 
Section 24.7) is converted into an ester group, where R is 
used to represent the hydrophobic tail of each lauric acid 
residue. This compound is not superimposable on its 
mirror image, so it is chiral (much like sucrose). 
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R 
o 
a o 
o 


oO O 
aa =o 
R R 


26.54. 

(a) This transformation requires reduction 
(hydrogenation) of the C=C bond in oleic acid, which 
can be achieved upon treatment with H2 in the presence 
of Ni. 

(b) This transformation requires reduction 
(hydrogenation) of the C=C bond in oleic acid, as well as 
conversion of the OH group to an ethoxy group. This 
can be achieved upon treatment with H2 and Ni, followed 
by NaOH, followed by Etl. 

(c) This transformation requires reduction 
(hydrogenation) of the C=C bond in oleic acid, as well as 
reduction of the carboxylic acid group to give a primary 
alcohol. This can be achieved upon treatment with H2 
and Ni, followed by LiAIHa, followed by water work-up. 
(d) Ozonolysis (O3, followed by DMS) followed by 
oxidation with NazCrO7 and H2SOs will generate the 
desired dicarboxylic acid. 

(e) This transformation requires reduction 
(hydrogenation) of the C=C bond in oleic acid, as well as 
installation of a bromine atom at the œ position. This 
can be achieved upon treatment with H2 and Ni, followed 
by PBrs and Brz, followed by H20. 


26.55. 

(a) Limonene is comprised of 10 carbon atoms and is 
therefore a monoterpene. 

(b) The compound does not have any chiral centers and 
is, therefore, achiral: 


(c) Ozonolysis of limonene causes cleavage of each C=C 
bond, giving a tricarbonyl compound and formaldehyde, 
as shown: 
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26.56. The starting material is a cyclic acetal. Upon treatment with aqueous acid, the acetal is opened to give a 
dihydroxyaldehyde. Reduction of the aldehyde group gives glycerol, which is then converted into the desired 
triglyceride upon treatment with an excess of the acyl halide in the presence of pyridine: 


OH 
NC HO OH 
H30* NaBH, 
o `o 3 ES O OH 
O MeOH 
H 
o OH 
H 
Excess O 
Oe Oe Oe 
trimyristin 
py 


26.57. 
(a) Fats and oils have a glycerol backbone connected to three fatty acid residues. This compound also has a glycerol 
backbone, but it is only connected to two fatty acid residues. The third group (left) is not a fatty acid residue. 


(b) Each of the ester groups is hydrolyzed upon treatment with aqueous base, giving the following products: 


fe) R' OH 


ar Na a m HO LOLA 


o0 Na 


(c) In aqueous acid, the two ester groups undergo hydrolysis, just as we saw in basic conditions. Under these 
conditions, the ether also undergoes acidic cleavage, thereby freeing glycerol and an enol. Upon its formation, the enol 
rapidly tautomerizes to give an aldehyde. In summary, we expect the following products: 


oO 
ese eee ee Ce 
OH 
O 
OH e ee Oe a ee 
OH o 
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Chapter 27 
Synthetic Polymers 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 27. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 
Vocabulary. 


Polymers are comprised of repeating units that are constructed by joining 

together. 

A is a polymer made up of a single type of monomer. Polymers made from 
two or more different types of monomers are called : 

Ina copolymer, different homopolymer subunits are connected together in one chain. 
Ina copolymer, sections of one homopolymer have been grafted onto a chain of 
another homopolymer. 


Monomers can join together to form addition polymers by cationic, anionic, or 
addition. 
Most derivatives of ethylene will undergo polymerization under suitable conditions. 
Cationic addition is only efficient with derivatives of ethylene that contain an electron- 
group. 
Anionic addition is only efficient with derivatives of ethylene that contain an electron- 
group. 
Polymers generated via condensation reactions are called polymers. 
-growth polymers are formed under conditions in which each monomer is added to the 
growing chain one at a time. The monomers do not react directly with each other. , 
-growth polymers are formed under conditions in which the individual monomers react 


with each other to form , which are then joined together to form polymers. 
Crossed-linked polymers contain bridges or branches that connect neighboring chains. 
Thermoplastics are polymers that are at room temperature but when heated. They 
are often prepared in the presence to prevent the polymer from being brittle. 


are polymers that return to their original shape after being stretched. 
polymers can be broken down by enzymes produced by microorganisms in 
the soil. 


Review of Skills 


Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 
the end of Chapter 27. The answers appear in the section entitled Skil/Builder Review. 


27.1 Determining Which Polymerization Technique is More Efficient 


STEP 1 STEP 2 STEP 3 STEP 4 
IDENTIFY THE IDENTIFY THE | DETERMINE WHETHER THE MONOMER BEARS AN ELECTRON- IF EWG, 
UNITS GROUP OR AN ELECTRON- GROUP: THEN USE 
NECESSARY i 
TO MAKE THIS EDG's EWG's ADDITION 
R R R POLYMER 


P E E A R Me OMe NR» CN (CHO COR IF EDG, 
THEN USE 
2 2 


2 2A 2 F 


2 


ADDITION 
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27.2 Identifying the Monomers Required to Produce a Desired Condensation Polymer 


DRAW THE TWO DIFUNCTIONAL MONOMERS NECESSARY TO FORM THE FOLLOWING CONDENSATION POLYMER: 


| J Pork 


Review of Reactions 
Identify the reagents necessary to achieve each of the following transformations. To verify that your 


answers are correct, look in your textbook at the end of Chapter 27. The answers appear in the section 
entitled Review of Reactions. 


Reactions for Formation of Chain-Growth Polymers 


j n AAA 
— > 
p heat or light ; ; 
EDG EDG EDG EDG 
e TS 
z ; 
EWG EWG EWG EWG 


1) BuLi 
——— 
2 2) H20 or CO3 KAALA 


Reactions for Formation of Step-Growth Polymers 


O 


R OH 


R~ ~OH R~ ~NHR 
O 
R „c7 Re 
~N7 + ROH ———* pnl ^or 
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Solutions 


27.1. 
(a) Polymerization of vinyl acetate gives poly(vinyl 


acetate): 
H OAc 
c—¢ 
Loa 


poly(vinyl acetate) 


(b) Polymerization of vinyl bromide gives poly(vinyl 


bromide): 
H Br 
C—c 
HoH |, 


poly(vinyl bromide) 
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(c) Polymerization of a-butylene gives poly-a-butylene: 


CH3 
H CH, 
é—¢ 
hod 


n 
poly-a-butylene 


27.2. Poly(methyl acrylate) can be made from methyl 
acrylate, shown here: 


H CO. 
O cco 
C=C 
/ \ 
H H 
methyl acrylate 


27.3. The following structure represents an alternating copolymer constructed from styrene and ethylene. The styrene 


and ethylene units are highlighted: 


27.4. The following structure represents a block copolymer constructed from propylene and vinyl chloride. The 


propylene and vinyl chloride units are highlighted: 


27.5. This copolymer can be made from isobutylene and 
styrene, as shown: 


a | 
w jim 
H CH3 4H H | n 
CH3 Ph 
CH3 H 
isobutylene styrene 


27.6. In each case, we identify the nature of the vinylic 
group, which determines the conditions to use. Anionic 
conditions are used if the vinylic group is electron- 
withdrawing, while cationic conditions are used for an an 
electron-donating group: 


(a) A cyano group is an electron-withdrawing substituent 
(see Table 18.1 and associated discussion), so 
preparation of this compound would be best achieved via 
anionic addition. 


(b) A methoxy group is an electron-donating substituent 
(see Table 18.1 and associated discussion), so 
preparation of this compound would be best achieved via 
cationic addition. 
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(c) Methyl groups are electron-donating substituents 
(see Table 18.1 and associated discussion), so 
preparation of this compound would be best achieved via 
cationic addition. 


(d) An acetate group is an electron-donating substituent 
(see Table 18.1 and associated discussion), so 
preparation of this compound would be best achieved via 
cationic addition. 


(e) A nitro group is an electron-withdrawing substituent 
(see Table 18.1 and associated discussion), so 
preparation of this compound would be best achieved via 
anionic addition. 


(f) A trichloromethyl group is an electron-withdrawing 
substituent (see Table 18.1 and associated discussion), so 
preparation of this compound would be best achieved via 
anionic addition. 


27.7. An acetate group is more powerfully electron 
donating (via resonance) than a methyl group (via 
hyperconjugation), so vinyl acetate is expected be the 
most reactive toward cationic polymerization. A nitro 
group is electron withdrawing, so nitroethylene is 


27.10. 


expected to be the least reactive toward cationic 
polymerization. 


least reactive most reactive 


> 


OAc 


NO, 
2 


CH3 
2 


2 


27.8. A nitro group is a very powerful electron 
withdrawing group (see Table 18.1 and associated 
discussion), so nitroethylene is expected to be the most 
reactive toward anionic polymerization. A chlorine atom 
is only weakly electron-withdrawing, as compared with a 
nitro group or a carbonyl group (see Table 18.1 and 
associated discussion), so vinyl chloride is expected to 
be the least reactive toward anionic polymerization. 


least reactive most reactive 


O 
Cl NO2 
2 Z 2 
27.9. A benzylic anion, cation or radical will be 


stabilized by resonance. 


In the initiation step, water attacks one molecule of the monomer, giving a carbanion. This carbanion then 


attacks another molecule of the monomer in a propagation step. This propagation step repeats itself, thereby growing 
the polymer chain. A termination step can occur if the carbanion is protonated by water, as shown: 


Initiation 
H Ry 
g A p £O2CH3 @ lol R4 = CO,CH; 
$02. C=C —— > HÖ—C—C: 
HH ë H N ii Ro R2= CN 
Propagation 
H Ri H Ri 
H Ry CE H R H R PG, H R H R H R 
@ lo / H R2 © I Il loLl/ H R2 @ttt t lel 
ee 
H R2 H Ro H R H Ro H R H Rə 
Termination 
H R H R H RI x pols H R H R H RI 
l roto tel HDH a to tod Ə 
EENT = irr S 
H Ro H Ro H Ro H Ro H Ro H Ro 
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27.11. Protonation of one of the carbonyl groups renders it even more electrophilic, and it is then attacked by ethylene 
glycol to give a tetrahedral intermediate (an oxonium ion). Two successive proton transfer steps convert the oxonium 
ion into another oxonium ion, which can lose water to regenerate the C=O bond. Deprotonation generates an ester. 
This ester has a carbonyl group on the left side, and an OH group on the right side. As a result, this compound can 
serve as a monomer for polymerization, (via a repetition of the steps described above). 


HO HO 


HO, 


(©) 


HO. 


HO 


27.12. Oxalic acid bears two carboxylic acid groups, while resorcinol bears two OH groups. These two compounds 
can polymerize via successive Fischer esterification reactions, giving the following polymer: 


Oo 
O O 
HO OH [H*] O O 
X ( + — > 
HO OH O j 
oxalic acid resorcinol 
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27.13. Each of the amide groups can be made via the 
reaction between a carboxylic acid group and an amino 
group. Therefore, Kevlar can be made from the 
following dicarboxylic acid and the following diamine: 


O OH 
HO O 


27.14. 

(a) Each of the ester groups can be made from the 
reaction between a carboxylic acid group and an alcohol 
(via a Fischer esterification reaction). Therefore, the 
desired polymer can be made from the following diol 
and the following dicarboxylic acid: 


os ian 


(0) O 


go ee 5 


(b) Each carbonate group can be made from the reaction 
between phosgene and two alcohols. Therefore, the 
desired polymer can be made from the following diol 
and phosgene: 


HO OH Cl Cl 


27.15. Each of the OH groups in 1,4-butanediol can 
attack phosgene, giving the following polymer: 


Goer ee 


27.16. 

(a) s-Aminocaproic acid has both a carboxylic acid 
group and an amino group (which can react with each, in 
an intermolecular fashion, to give an amide linkage). As 
such, this compound will polymerize to from the 
following polymer: 


(0) 


ZI 


n 


(b) Nylon 6 exhibits a smaller repeating unit than Nylon 
6,6. 


27.17. 
(a) Each monomer has two growth points, so we expect 
that polymerization will generate a step-growth polymer. 


(b) When these monomers react are used to form a 
copolymer, the growing polymer chain has only one 
growth point, so we expect that polymerization will 
generate a chain-growth polymer. 


27.18. This polymer exhibits repeating carbonate 
groups, so it can be made from phosgene and the 
appropriate diol. Since the diol has two growth points 
(and since the growing oligomers also have two growth 
points), this polymer can be classified as a step-growth 
polymer. 


27.19. Polyisobutylene does not have any chiral centers. 


27.20. LDPE is used to make Ziploc bags (a flexible 
product, like trash bags) and HDPE is used to make 
folding tables (an inflexible product, like Tupperware). 
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27.21. Protonation of the ester renders it even more electrophilic, and it is then attacked by water to give a tetrahedral 
intermediate (an oxonium ion). Two successive proton transfer steps convert the oxonium ion into another oxonium 
ion, which can lose a leaving group to regenerate the C=O bond. Deprotonation generates a carboxylic acid (and an 
alcohol). These steps are then repeated to give terephthalic acid and ethylene glycol, as shown: 


H 
“O° H S- 
p. s 
~ AOT H S`H 6 Ps 0A 
O (0) 
Ton 
H~ `H 
on 
AOR H 
ae ie 
a Be 
w 
a 
O 
E 
i 
P 
H 
: “og 
Co 
OH 
HOS = A 
i H~® 
O 
= 
HSH 
O 
O Repeat 
steps 
OH above OH + HO, A” 
HO a a ; oO} 
O O 
+ HO 
Sou 
27.22. 
a) Polymerization of nitroethylene gives polynitro- (b) Polymerization of acrylonitrile gives polyacrylo- 
y y 
ethylene: nitrile: 
j o E 
T 
| 
H H n H H jp 
polynitroethylene polyacrylonitrile 
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(c) Polymerization of vinylidene 
poly(vinylidene fluoride): 


fluoride gives 


if 
E 
H F 


n 
poly(vinylidene fluoride) 


27.23. 

(a) Each of the ester groups can be made from the 
reaction between a carboxylic acid group and an alcohol 
(via a Fischer esterification reaction). Therefore, the 
desired polymer can be made from the following 
dicarboxylic acid and the following diol: 


fe) 
$ OH 
OH HO 


HO 


27.25. 
isobutylene and styrene units are highlighted: 


The following structure represents a block copolymer constructed from isobutylene and styrene. 


(b) A Fischer esterification requires acidic conditions. 


27.24. This copolymer can be made from the following 
monomers: 


US Lag |. 
l N 
= = 


The 


w ar ar ar ae 
Sue [Kae [AU [NE I O 
Ho CHL CHa HO CHa OH LH HTH H 


27.26. The following structure represents an alternating copolymer constructed from vinyl chloride and ethylene. The 


vinyl chloride and ethylene units are highlighted: 


27.27. An acetate group is an electron-donating 
substituent (via resonance), while the other two groups 
(CN and Cl) are electron-withdrawing substituents. 
Therefore, vinyl acetate is expected be the most reactive 
toward cationic polymerization. 


27.28. A cyano group is an electron-withdrawing 
substituent (via resonance), while the other two groups 
(acetate and methyl) are both electron-donating 
substituents. Therefore, the compound bearing the cyano 
group is expected be the most reactive toward anionic 
polymerization. 


27.29. All three polymers are step-growth polymers, 
because in each case, the growing oligomers have two 
growth points. 

(a) The starting materials are a diacid and a diamine, 
which can be linked together via amide groups, giving 
the following polymer: 


2 


EZ 
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(b) The starting materials are a diol and a diisocyanate, 
which can be linked together as carbamate groups, 
giving the following polyurethane: 


‘oro 


(c) The starting materials are a diol and phosgene, which 
will react with each other to give carbonate groups, and 
thus the following polycarbonate: 


o 
“TW” 
n 
27.30. 


(a) The starting materials are a diacid and a diamine, 
which can be linked together via amide groups, giving 
the following polymer: 


LiL j 
—-N ae 
H H 
O 


a jn 


(b) Quiana is a polyamide. 

(c) Quiana is a step-growth polymer, because each of the 
growing oligomers has two growth points. 

(d) Quiana is a condensation polymer because it is made 
via a condensation process (between carboxylic acid and 
amino groups). 


27.31. 

(a) Each of the amide groups can be made from the 
reaction between a carboxylic acid and an amino group. 
Therefore, this polymer can be made from the following 
monomer, which bears both the amino group and the 
carboxylic acid group: 


OH 
HN 


O 


(b) Each of the ester groups can be made from the 
reaction between a carboxylic acid and an alcohol. 
Therefore, this polymer can be made from the following 
monomer, which bears both a hydroxyl group and a 
carboxylic acid group: 
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ce) 
\—{ )—0H 
HO 
27.32. The starting materials are a diol and phosgene, 


which will react with each other to give carbonate 
groups, and thus the following polycarbonate: 


a i 
oO O-C 
27.33. 


(a) Each monomer has two growth points, so we expect 
that polymerization will generate a step-growth polymer. 


n 


(b) When these monomers react are used to form a 
copolymer, the growing polymer chain has only one 
growth point, so we expect that polymerization will 
generate a chain-growth polymer. 


27.34. Nitro groups are among the most powerful 
electron-withdrawing groups, and a nitro group stabilizes 
a negative charge on an adjacent carbon atom, thereby 
facilitating anionic polymerization. 


27.35. Shower curtains are made from PVC, which is a 
thermoplastic polymer. To prevent the polymer from 
being brittle, the polymer is prepared in the presence of 
plasticizers which become trapped between the polymer 
chains where they function as lubricants. Over time, the 
plasticizers evaporate, and the polymer becomes brittle. 


27.36. 
(a) Polyformaldehyde is a polymer that is assembled 
from repeating formaldehyde (CH20) units, as shown: 


i 

ç —o 

H n 
polyformaldehyde 


(b) Polyformaldehyde has repeating ether groups, so it is 
a polyether. 

(c) The growing polymer chain has only one growth 
point, so polyformaldehyde is classified as a chain- 
growth polymer. 

(d) Polyformaldehyde is an addition polymer, because it 
is formed via successive addition reactions (involving 
the z bond in each molecule of formaldehyde). 


27.37. It bears an electron-withdrawing group (CN) that 
can stabilize a negative charge via resonance, but it also 
bears an electron-donating group (OMe) that can 
stabilize a positive charge via resonance. 


27.38. The nitro group serves as a reservoir of electron 
density that stabilizes a negative charge via resonance 
(see Chapter 18). 
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27.39. The methoxy group is an electron donating group 
that stabilizes a positive charge via resonance (see 
Chapter 18). 


27.40. A methoxy group can only donate electron 
density via resonance if it is located in an ortho or para 
position. It cannot stabilize the developing carbocation 
if it is located in a meta position (see Chapter 18). 


27.41. 
(a) In a syndiotactic polymer, the chiral centers exhibit 
alternating configuration, as shown: 


ad cO a CO aa C 


(b) In an isotactic polymer, the chiral centers all exhibit 
the same configuration, as shown: 


Ph Ph Ph Ph Ph Ph Ph 


AAAA AA 


27.42. 

(a) The desired polymer is a polyurethane, which can be 
prepared from the following diisocyanate and the 
following diol: 


DO 


(b) Each monomer has two growth points, so we expect 
that polymerization will generate a step-growth polymer. 
(c) Polyurethanes are classified as addition polymers 
(see end of Section 27.5), because they are formed via 
successive addition reactions. 


oO. 


Sc 


27.43. A ketone will react with a primary amine (under 
acid-catalyzed conditions) to give an imine (see Section 
19.6). The starting materials are a dione and a diamine, 
so we expect formation of the following polyimine: 


ra, 


27.44. Vinyl alcohol is an enol, which is not stable. If it 
is prepared, it undergoes rapid tautomerization to give an 
aldehyde, which will not produce the desired product 
upon polymerization. 


27.45. The ester groups undergo hydrolysis in basic 
conditions, which breaks down the polymer into 
monomers. 


27.46. The repeating units are comprised of four 


carbon atoms: 


Four carbon atoms 


Therefore, the required monomer must also have four 
carbon atoms. So we can rule out options (a) and (c). 
The remaining two options, (b) and (d), have the same 
carbon skeleton, but only option (b) has a functional 
group (a m bond). This m bond is necessary for the 
polymerization process to occur under acid catalyzed 
conditions (see Mechanism 27.2). 


27.47. There are two ester groups that are hydrolyzed. 
One ester group can be seen in the center of the 
structure: 


‘aah ea 


And the other ester group is located at the connection 
between the repeating units: 


Each ester group is hydrolyzed to give a carboxylic acid 
and an alcohol: 


Oo H;0* Oo 


Therefore, option (b) is the correct answer, because the 
structures have the correct functional groups. In all of 
the other options, one or both of the carboxylic acid 
groups have been replaced by an aldehydic group. 


27.48. An alcohol will react with a carboxylic acid to 
give an ester: 
© 
OH 
HOT + ” a 
O 
Condensation 


O 
(0) 
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This initial condensation product still has one OH group 
and one carboxylic acid group (highlighted), 


O 
BAN 
fe) 


so it can undergo further condensation to give the 
following polymer: 


O 
Cig 


Therefore, the correct answer is (b). 


27.49. 

(a) The carbocation that is initially formed is a secondary 
carbocation, and it can undergo a carbocation 
rearrangement to give a more stable, tertiary carbocation. 


27.50. 
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In some cases, the secondary carbocation will be added 
to the growing polymer chain before it has a chance to 
rearrange. In other cases, the secondary carbocation will 
rearrange first and then be added to the growing polymer 
chain. The result is the incorporation of two different 
repeating units in the growing polymer chain. 


(b) The following structure represents a segment of the 
random copolymer described in the solution to part (a). 
The repeating units are highlighted: 


(c) Yes, because a secondary carbocation is formed when 
3,3-dimethyl-1-butene is protonated, and a methyl shift 
can occur that converts the secondary carbocation into a 
tertiary carbocation. 


(a) As described in the problem statement, the epoxide ring is opened with a strong nucleophile to form an alkoxide 
ion, which then functions as a nucleophile and attacks another molecule of ethylene oxide. This process repeats itself, 


thereby forming poly(ethylene oxide), as shown: 


© Yo O: oO 0 
Nui aS Nu ON Nu > Ni: 
A 
O 
O O Oo 
<= a Nuc 3 WSN 97 aN 
n 
poly(ethylene oxide) 
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(b) Under acidic conditions, an epoxide can be protonated. A nucleophile can then attack the protonated epoxide, 
thereby opening the ring, and forming an alcohol. An alcohol is a weak nucleophile and it can then attack another 
protonated epoxide, once again opening the ring. The resulting oxonium ion is then deprotonated. If the base for this 
step is a molecule of the epoxide, the resulting protonated epoxide can then serve as the electrophile for the next step. 
This process can repeat itself, thereby forming poly(ethylene oxide), as shown: 


H 
Re) 
H So 
o So? naa N 
Micra A o o Nu >57 ~ Me 


n 


poly(ethylene oxide) 


(c) The desired polymer is similar in structure to poly(ethylene oxide), but there is a gem-dimethyl group present in the 
repeating unit. This polymer can be made if the starting epoxide also bears a gem-dimethyl group: 


O 


> 


(d) Preparation of this polymer would require the following epoxide: 


O 


aw 


Acidic conditions will be required, because the epoxide is too sterically hindered to be attacked under basic conditions 
(see Section 13.10). 
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CHAPTER 27 1095 


27.51. Each of the highlighted positions represents an acetal group (see Section 20.5): 


eB, By Ay 


Therefore, this polymer can be made via acetal formation, from poly(vinyl alcohol) and acetaldehyde: 


Lo L L Ao uke uke 
SAE E 


poly(vinyl alcohol) 


Poly(vinyl alcohol) can be made from vinyl acetate in just two steps (as seen in Problem 27.44). Acetaldehyde can also 
be made from vinyl acetate (upon treatment with aqueous acid). Under these conditions, the acetate group is 
hydrolyzed, giving an enol, which tautomerizes to give acetaldehyde: 


OAc . OH 
H30 Tautomerization 
Z — > Z — 


an enol 
(not isolated) 


H 


The forward scheme is shown here. Polymerization of vinyl acetate gives poly(vinyl acetate), which can be treated 
with aqueous acid to give poly(vinyl alcohol), as seen in Problem 27.44. This polymer can then be treated with 
acetaldehyde (formed by treating vinyl acetate with aqueous acid) to give the desired polymer: 


OAc 
BF3, H2O OAc OAc OAc OAc OAc OAc 
a (Cationic Polymerization) 
H30* 
H30* 


OH OH OH OH OH OH 


I [H*], (H20) 
H 


CE 0% 
WALLIN 
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APPENDIX 
Nomenclature of Polyfunctional Compounds 


A.1. This compound is a primary amine because there is only one alkyl group attached to the nitrogen, but it also has a hydroxyl 
group. Because alcohol functionalities have a higher suffix priority than amine groups, the compound will be named as an alcohol, 
and the amine will be named as a substituent (an amino group). Referencing Table 4.1, we can infer that an 18-carbon chain is 
called an octadecane, so this alcohol is an octadecanol. Numbering from left to right gives the alcohol and the amine the lowest 
possible numbers. 

NH2 

a 4 6 8 10 12 14 16 18 


1 5 7 9 11 13 15 17 
OH 


The name so far is 2-amino-3-octadecanol (or 2-aminoctadecan-3-ol using the new IUPAC rules). Lastly, the configuration of each 
chiral center must be specified. 


NH2 


Prioritization Scheme Prioritization Scheme 
N Cc 
“NG WW i C TieBreaker Ç 
3(C C) 2 = i 
rf) > 2(CL {0)3 
H Tie Breaker Ç xX 
H H a kH) KO) 1 


The full TUPAC name is thus (2S,3R)-2-amino-3-octadecanol. 
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